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Abstract 
Gait impairment is a core feature of Parkinson’s disease (PD) which is difficult to 
treat due to its multi-factorial nature. Gait dysfunction in PD has been linked to 
cognitive and visual deficits through separate strands of research. However 
cognitive and visual functions likely interact (termed visuo-cognition) and have a 
combined impact on gait. Attempting to further understand the roles of cognition 
and vision in gait in PD was the motivation behind this thesis. The primary aim 
was therefore to investigate visuo-cognition and its role in gait in PD.   
Saccade frequency during gait represents the amount of visual sampling 
employed when walking and is a useful online behavioural measure of visuo-
cognition. However, previous investigations have been limited by lack of robust 
methodologies, technology and outcome measures. A key objective was 
therefore to establish robust saccadic measurement with mobile eye-tracking 
technology in PD and older adult controls. 
My original contributions to knowledge were that a mobile eye-tracker can 
measure saccadic activity during gait in PD and controls, but with variable 
accuracy and reliability for certain characteristics. Cognitive and visual functions 
were significantly related in both PD and controls, with stronger association in 
PD. Saccade frequency during gait was significantly reduced in people with PD 
compared to controls, particularly under dual task. Impaired saccade frequency 
can be ameliorated with a visual cue; as such intervention significantly increased 
saccade frequency in PD and controls which was maintained under dual task. 
Saccade frequency during gait was independently associated with cognitive and 
visual functions in PD. A structured model demonstrated that visuo-cognitive 
dysfunction had an indirect effect on gait in PD, with a central role for attention in 
all relationships involved. 
The major conclusion from this thesis was that gait impairment in PD is 
influenced by visuo-cognitive dysfunction, with implication for poor mobility and 
falls risk. 
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1. Introduction 
Parkinson’s disease (PD) is a common neurodegenerative disorder characterised 
by cardinal motor symptoms such as rigidity, bradykinesia, tremor, postural 
instability and gait deficit (Jankovic, 2008). Gait impairments in PD include both 
continuous (constantly present) and episodic (freezing of gait; FOG) (Nutt et al., 
2011). Continuous gait impairment typically manifests as reduced velocity, step 
length, arm swing, increased gait variability and reduced automaticity. While 
episodic impairments emerge with increasing disease severity and are seen as 
hesitations when turning, a ‘freezing’ block in small spaces such as doorways 
and difficulty with gait initiation (Giladi et al., 2013a). Gait impairments underpin 
difficulty walking in real-world environments such as maintaining a straight 
trajectory during gait (veering) (Davidsdottir et al., 2008), negotiating obstacles 
(Vitorio et al., 2013), and navigation (e.g. difficulties with narrow spaces such as 
doorways (Cowie et al., 2010) and misjudgement of object distance (Davidsdottir 
et al., 2005)). Moreover these problems are common and linked to falls (Paul et 
al., 2014). Although these problems emphasise the motor complications of PD, it 
is however widely recognised that gait impairment is complex and reflects input 
from multiple systems that include both motor and non-motor systems (Grabli et 
al., 2012). For example, there is abundant evidence of the role of cognition in gait 
and increasing evidence of the role of vision. Understanding their respective 
contributions is critical in order to inform the mechanisms that drive gait 
impairment and to contribute to targeted therapeutic development to improve gait, 
independent mobility and falls risk.   
A large body of evidence supports a robust relationship between cognition and 
gait, highlighting that gait is underpinned by cognitive functions (Lord et al., 
2014). Cognitive impairments are common in PD with an estimated 40% of 
patients presenting with mild cognitive impairment (MCI) at diagnosis (Yarnall et 
al., 2014) and up to ~75% with dementia at ten years (Aarsland and Kurz, 2010). 
Previous studies have extensively investigated the relationship between gait and 
cognition (Amboni et al., 2013) using two methodological approaches. 
Associative protocols measure gait and cognition as separate behaviours and 
explore their relationship (correlation) to identify links between them (Lord et al., 
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2014). Online protocols on the other hand, manipulate cognition particularly 
attention during walking through the use of dual-task protocols which show in 
real-time the contribution of cognition to gait (Kelly et al., 2012b). Such protocols 
demonstrate gait deficit such as reduced velocity and step length are associated 
with impaired cognition (Lord et al., 2014), and exacerbated using dual-tasks in 
PD (Kelly et al., 2012b).  
Visual impairments are also common with up to 75% of people with PD 
experiencing at least one symptom such as blurred vision (Davidsdottir et al., 
2005; Urwyler et al., 2013). The relationship between vision and gait in PD has 
also been investigated by either exploring relationships between separate visual 
functions and gait or use of on-line protocols where vision is manipulated during 
gait (i.e. light or dark rooms) (Azulay et al., 1999; Almeida et al., 2005). Selective 
gait impairments are associated with deficits in visual functions (Moes and 
Lombardi, 2009), and exacerbated by visual manipulation in PD (Cowie et al., 
2012). Studies have shown that visual functions contribute to gait control in PD 
(Azulay et al., 1999; Azulay et al., 2002; Khattab et al., 2012).   
To date the relationship between gait, cognition and vision has received scant 
attention and is poorly understood. Cognition, vision and gait potentially interact 
in a selective but overlapping manner in order to plan routes and make ongoing 
modifications appropriate to changing environments. Static and more recently 
dynamic test protocols have been used to examine the interplay between 
cognition and vision. Static protocols range from simple associations between 
separate cognitive and visual outcomes, to more complex neuro-imaging or 
computerised saccadic (fast, jump-like) eye-movement assessment. Evidence 
from static tests supports an interaction between cognition and vision (Lee et al., 
2015), and vice versa (Bertone et al., 2007; Toner et al., 2012). This interaction is 
encompassed by the term visuo-cognition, which is a global descriptor of 
interaction between cognitive and visual functions across multiple levels of 
information processing (Antal et al., 1998; Bandini et al., 2002). Visuo-cognition is 
therefore distinct from limited terms such as visuo-spatial function, which refers to 
the cognitive ability of the posterior parietal cortex to perceive the spatial 
relationship of objects (Benton and Tranel, 1993; Possin, 2010). Deficits in visual 
functions impact visuo-spatial ability due to their interaction (Stoerig and Cowey, 
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1997), but this exhibits only one aspect of visuo-cognition. Recent technological 
advances in mobile eye-tracking devices have facilitated measurement of 
saccadic eye movements during dynamic protocols (Land, 2006), which serve as 
a proxy measure of visuo-cognition during gait in PD (Stuart et al., 2014a) (i.e. 
between group differences in saccadic activity during various tasks reflect altered 
visuo-cognitive processing). Such studies have shown differences in saccadic 
activity between people with PD and older adults, but findings have been limited 
due to methodological issues. To provide a detailed account of the role of vision 
and cognition during gait in PD there is a need to understand the independent 
relationships, their interaction and combined impact on gait. A more refined 
understanding will provide insight into the underlying mechanism of gait 
impairment in PD and will also inform targeted therapeutic development.  
1.1. Scope of Thesis 
Overall this thesis was designed to further understand the roles of cognition and 
vision in gait in PD specifically this thesis focuses on investigation of the 
interaction between visual function and cognition (defined as visuo-cognition) and 
the role of visuo-cognition (measured via saccade frequency) in gait in PD. 
However before these investigations took place a secondary aim was addressed, 
which was to establish robust methods for saccadic data collection and analysis. 
An outline of the thesis structure, along with key research objectives and 
hypotheses to be addressed are provided in the following section. 
1.2. Thesis Outline 
1.2.1. Chapter 2 – Cognition, vision and visuo-cognition in gait in 
Parkinson’s disease 
Key Objective: 
 To review current knowledge about the relationship between gait, 
cognition and vision in PD and older adults 
Chapter 2 provides a narrative review, which forms the background to this thesis. 
The narrative review covered a substantial amount of literature regarding gait, 
cognition, vision and visuo-cognition in PD and older adults. A model of visuo-
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cognition in gait in PD (Figure 2-1) was used to highlight the currently recognised 
and the unclear relationships between these features.  
1.2.2. Chapter 3 – Measurement of visual sampling during real-world 
activities in Parkinson’s disease and older adults  
Key Objective: 
 To review current visual sampling measurement and interpretation of 
outcomes in PD and older adults 
Chapter 3 provides a structured review that aimed to highlight the current visual 
sampling (combination of saccades and fixations) measurement instruments 
used within PD and older adult research. This included visual sampling outcome 
measures and previously reported PD impairments. A series of recommendations 
for the methodology used in this thesis were also developed. 
1.2.3. Chapter 4 - General Methodology 
Chapter 4 provides an overview of the methods which were common to all of the 
studies contained in this thesis. Detailing participant recruitment, cognitive and 
visual function testing, mobile eye-tracking and gait equipment. Specific methods 
are also contained in relevant chapters detailing individual study methodology.  
1.2.4. Chapter 5 – Quantification of saccades during gait in mobile 
eye-tracking data 
Key Objective: 
 To establish accurate measurement of saccades using mobile eye-
tracking data during gait in people with PD and controls  
Chapter 5 provides a preliminary study which involved the development and 
validation of a novel algorithm for the quantification of saccades within mobile 
eye-tracking data collected during gait in people with PD and older adult controls. 
This study provided the primary outcome (saccade frequency) of the main 
experimental studies contained within this thesis. 
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1.2.5. Chapter 6 - Accuracy and re-test reliability of mobile eye-
tracking 
Key Objective: 
 To establish accuracy and reliability of mobile eye-tracking data collection 
and analysis during gait in people with PD and controls  
Chapter 6 provides a preliminary study conducted to evaluate the accuracy and 
reliability of the mobile eye-tracking device used in this thesis in people with PD 
and older adult controls. This study was vital to establish robust data collection 
and analysis. 
1.2.6. Chapter 7 - Visual sampling during gait in Parkinson’s disease: 
attentional manipulation 
Key Objective: 
 To investigate saccade frequency during gait in PD under different 
attentional manipulation  
Chapter 7 presents the primary investigation of saccade frequency during gait in 
PD with attentional manipulation via environmental challenge and dual task. 
Further analysis pertains to investigation of demographic, cognitive and visual 
functions underlying saccade frequency during gait. This chapter concludes by 
detailing saccade frequency during gait impairment in PD, and discusses 
potential mechanisms involved. 
Hypotheses: 
1. Saccade frequency will be reduced during gait in people with PD 
compared to age-matched controls 
2. For both people with PD and controls, saccade frequency during gait will 
change with attentional manipulation; increasing with environmental 
challenge and decreasing with dual task 
3. Selective cognitive and visual functions will be associated in PD and 
controls 
4. Demographic features along with cognitive and visual functions will be 
associated with saccade frequency during gait, but attention will have 
stronger relationship than visual function 
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5. Saccade frequency will be associated with selective gait characteristics in 
PD and controls 
1.2.7. Chapter 8 - Visual sampling during gait in Parkinson’s disease: 
response to visual cues 
Key Objective: 
 To investigate saccade frequency response to visual cues during gait in 
PD  
Chapter 8 presents an investigation regarding saccade frequency during gait in 
PD when attention was manipulated using a commonly used gait intervention; a 
visual cue with and without a dual task. This chapter concludes by detailing 
saccade frequency response and provides further analysis regarding underlying 
demographic, cognitive and visual functions involved in saccade frequency during 
gait when using a visual cue.  
Hypotheses: 
1. Saccade frequency during gait in PD will increase with attentional 
manipulation via a visual cue and will be maintained (similar to single task) 
under dual task 
2. Saccade frequency during gait with a visual cue will relate to demographic 
features as well as cognitive and visual functions, particularly attention in 
PD  
1.2.8. Chapter 9 - Modelling direct and indirect relationships 
Key Objective: 
 To explore direct and indirect relationships between cognitive and visual 
functions, saccade frequency during gait and gait in PD  
Chapter 9 further investigates the a priori model of visuo-cognition in gait in PD, 
depicted in Figure 2-1. Structural equation modelling was used to examine direct 
and indirect relationships between cognitive and visual functions, saccade 
frequency during gait and gait in people with PD. The first model relates to visuo-
cognition in gait in PD, the model was then manipulated by entering data from the 
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visual cue investigation into a second model. This chapter discusses the 
relationships between all of the visuo-cognitive features and gait in PD.  
Hypotheses: 
1. Gait impairment in PD will be related to visuo-cognitive dysfunction  
2. Cognition, particularly attention will have direct effect on all visuo-cognitive 
processes in gait in PD  
3. Association between visuo-cognitive features (attention and visual function) 
and saccade frequency will be selectively altered in PD with a visual cue 
1.2.9. Chapter 10 – Thesis summary 
Chapter 10 is the final instalment of this thesis, and provides an overall summary 
pertaining to all of the included studies. This chapter outlines the clinical 
implications and limitations of this thesis, and also discusses directions for future 
research with final conclusions based on all of the presented work.  
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2. Cognition, vision and visuo-cognition in gait in Parkinson’s 
disease 
2.1. Summary1 
This chapter reviews literature involving cognition, vision and visuo-cognition in 
gait in PD. For clarity, evidence described in this chapter was synthesised into a 
model to provide an overview of the independent and interactive roles of vision 
and cognition in gait in PD (Figure 2-1). This model will be used within this thesis 
to help guide investigation and analysis. The model shows that previous studies 
have demonstrated that cognition and vision (Figure 2-1(A&B)) are related to 
selective gait characteristics in PD, which was discovered through separate 
research strands. The gap in knowledge relates to interaction between these 
features during gait (Figure 2-1(C)) and the impact of visuo-cognition (measured 
via saccade frequency) on gait in PD (Figure 2-1(D)).  
 
Figure 2-1 - A model detailing online relationships between vision, cognition and gait in 
Parkinson's disease 
[Four main pathways are involved in gait; A) Cognition and gait, B) Vision and gait, C) Interaction between 
vision and cognition (visuo-cognition), and finally D) Visuo-cognition (measured through saccades) and gait. 
Recognised pathways that have been assessed using both associative and online protocols are represented 
by black lines. Unclear pathways that have not been assessed using both associative and online protocols 
are represented by dashed red lines] 
                                            
1 Sections from this chapter have been published in the journal of Neuroscience & Biobehavioural Reviews 
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2.2. Parkinson’s disease 
PD is the second most common neuro-degenerative condition in the United 
Kingdom after Alzheimer’s disease (de Lau and Breteler, 2006), for which there is 
no cure. The incidence of PD has been estimated at 16 per 100,000 in the 
Newcastle-Gateshead area of the United Kingdom (Duncan et al., 2014), which 
was reported as comparable to other European and American studies. The exact 
cause of PD remains unknown, but it is recognised that there are various stages 
of pathological progression (Braak et al., 2003). However the disease is typified 
by the degeneration of dopaminergic neurones in the substantia nigra pars 
compacta (SNc) within the basal ganglia (BG) (Jellinger, 2014), when the disease 
becomes symptomatic, which is accompanied by accumulation of alpha-
synuclein ‘Lewy’ bodies throughout the brain (Lotharius and Brundin, 2002; Fahn, 
2003).  
Interestingly PD has been known for possibly thousands of years, with one of the 
earliest records of parkinsonian symptoms being found in the ancient text 
‘Charaka Samhitha’ (c. 2500 BC) (Goldman and Goetz, 2007). Within this text PD 
was known as Kampa vata and involved symptoms which denote PD in modern 
medicine, such as no inclination to move (akinesia or bradykinesia), drooling of 
saliva, love of solitude (probably due to depression), constant somnolence, 
tremor (or Kampa), rigidity, dementia and, relevant to the current thesis fixation of 
the eyes (Goldman and Goetz, 2007). Further this ancient disease was treated 
with herbal seeds, which contained dopaminergic and anticholinergic agents 
(Manyam, 1990), some of the current treatments for PD. The most pivotal 
account of PD and from where it gets its current name, is that of James 
Parkinson’s ‘An Essay on the Shaking Palsy’ (Parkinson, 2002; Goetz, 2011). 
The ‘Shaking Palsy’ (or paralysis agitans) was first described in western medicine 
by Galen (175 AD), but it was James Parkinson’s essay that established PD as a 
recognised medical (neurological) condition (Kempster et al., 2007). Due to the 
accurate description of motor problems in the original essay traditionally PD has 
been characterised as a movement (motor) disorder (Goetz, 2011). However 
non-motor symptoms (such as sleep disturbance, constipation and autonomic 
dysfunction) were recognised by James Parkinson (1755-1824) and further 
explored in the early work of Jean-Martin Charcot (1825-1893), the French 
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physician who coined the name ‘Parkinson’s disease’ (Goldman and Goetz, 
2007). Extensive research has been conducted on the motor disorder aspect of 
PD resulting in accurate diagnosis, robust rating scales and treatments 
(Chaudhuri et al., 2006). Despite these advances, recent evidence shows that 
non-motor symptoms occur in up to 88% of PD patients and can have greater 
impact on health related quality of life than motor symptoms (Simuni and Sethi, 
2008). This has led to more resources being allocated (Olesen and Leonardi, 
2003; Chaudhuri et al., 2006; Chaudhuri et al., 2010) to study the impact of non-
motor symptoms such as; psychiatric disorders (e.g. depression, anxiety) 
(Gallagher and Schrag, 2012), cognitive impairment stages (e.g. mild cognitive 
impairment and dementia) (Aarsland and Kurz, 2010), specific cognitive domain 
impairment (e.g. executive dysfunction, visuospatial and attention abnormalities) 
(Svenningsson et al., 2012), and sensory abnormalities (e.g. visual impairments) 
(Armstrong, 2011; Uc et al., 2011; Sauerbier and Ray Chaudhuri, 2013). 
Therefore the current understanding of the disease is one including both motor 
(such as gait disturbance) and non-motor (such as cognitive and visual 
impairment) symptoms, and suggests that PD is a complex multi-system 
neurodegenerative disorder. 
2.3. Gait in Parkinson’s disease  
The ability to safely, effectively and efficiently walk is essential for a high quality,  
independent life (Giladi et al., 2013b). As noted, gait disturbance presents early 
and is the defining feature of PD, developing into a significant cause of disability. 
Indeed, gait disturbance in PD has been related to secondary consequences 
such as impaired quality of life (Muslimović et al., 2008), deconditioning, mood 
disorder (Lord et al., 2013a), morbidity and mortality (de Lau et al., 2014).  
Traditionally PD gait impairment was thought of as disruption of automatic motor 
control through the role that the BG play in integrating planning, sequencing 
(involving internal motor cues) and execution of movements (Grasso et al., 1999; 
Desmurget et al., 2004b). Indeed, previous studies have demonstrated that PD 
impacts the BG-thalamo-cortical loops (DeLong and Wichmann, 2007; Obeso et 
al., 2008a; Obeso et al., 2008b), particularly output to the supplementary motor 
area (SMA) (Rascol et al., 1992; Boecker et al., 1998; Akkal et al., 2007; DeLong 
and Georgopoulos, 2011). Such impairment leads to abnormal spatial temporal 
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gait characteristics (Figure 2-1) (Bovonsunthonchai et al., 2014), as well as 
reduced ability to initiate, correctly sequence or switch movements compared to 
age-matched older adults (Morris et al., 2001; Mohammadi et al., 2015). 
Communication between the BG, SMA and motor cortex can be normalised with 
dopaminergic medication (Buhmann et al., 2003; Buhmann et al., 2004). 
However, in later stages of the disease treatment options are limited given the 
refractory nature of gait response to dopaminergic therapy and surgery (e.g. deep 
brain stimulation) (Rochester et al., 2011; Rochester et al., 2012a; Galna et al., 
2015). Improvements, particularly in step length and gait velocity are marked 
early in response to dopaminergic therapies, but this attenuates over time and 
severe gait disturbances such as festination (Giladi et al., 2001a), freezing of gait 
(FOG) (Giladi et al., 2001b) and falls (Mactier et al., 2015) become established. 
Indeed, increased disease severity has been related to increased continuous gait 
disturbance (Morris et al., 2005), episodic FOG (Mohammadi et al., 2015), 
hesitation (Burleigh‐Jacobs et al., 1997) and festination (Giladi et al., 2001a). The 
traditional dysfunctional BG-cortical loop theory has therefore been superseded 
as recent work has demonstrated that large networks within the central and 
peripheral nervous systems are involved in gait (Dietz, 2003; Tessitore et al., 
2012; Bohnen and Jahn, 2013; Giladi et al., 2013b; Takakusaki, 2013), including 
external sensory input (Ferrucci et al., 2000; Lord et al., 2013b).   
Several recent reviews have highlighted that dysfunction and lesions within extra-
dopaminergic regions may relate to PD gait disorder (Grabli et al., 2012; Herman 
et al., 2013). Several recent studies have alluded to the role of brainstem regions 
within the reticular formation such as the mesencephalic locomotor region in gait 
in PD (Snijders et al., 2011; Weiss et al., 2015), with atrophy of grey matter in this 
region implicated in FOG (Snijders et al., 2011). Specifically, dysfunctional 
cholinergic neurons of the pedunculopontine nucleus (PPN) within this structure 
(Zweig et al., 1989) in PD may relate to gait deficit (Pahapill and Lozano, 2000) 
and falls (Karachi et al., 2010). Other cortical, sub-cortical, brainstem and spinal 
cord structures such as the cerebellum, locus coeruleus (norepinephrine system), 
raphe nucleus and cerebral cortices have also been implicated (Hanakawa et al., 
1999; Del Tredici and Braak, 2012; Grabli et al., 2012; Shine et al., 2013c; Wu 
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and Hallett, 2013). However the application of non-dopaminergic therapies such 
as cholinesterase inhibitors remains limited (Yarnall et al., 2011).  
Structural changes, reduced functional connectivity and non-dopaminergic 
neurotransmitter involvement in gait deficit in PD have been related to impaired 
cognitive and sensory (visual) functions due to dysfunctional frontal and parietal 
processing (Hanakawa et al., 1999; Tessitore et al., 2012; Herman et al., 2013; 
Shine et al., 2013a). Gait disturbance is more marked in the Postural Instability 
and Gait Disturbance (PIGD) phenotype (Vervoort et al., 2015), which may relate 
to more rapid cognitive decline than the tremor-dominant (TD) phenotype (Kelly 
et al., 2015). Another explanation relates to greater grey matter atrophy in 
cognitive, motor, associative and sub-cortical regions with PIGD (Rosenberg-Katz 
et al., 2013). Similarly those with more severe gait disturbance in PD have been 
shown to have increased activation of vision related areas such as the right 
parietal cortex during gait initiation and termination within motor imagery tasks 
(Crémers et al., 2012; Wai et al., 2012). This evidence highlights the complex 
nature of gait impairment in PD, which cannot solely be attributed to BG 
dysfunction with dopaminergic depletion. 
The mentioned motor and non-motor deficits impact straight walking (Morris et 
al., 2001) and more complex activities such as turning, which is a particularly 
problematic task for people with PD (Carpenter and Bloem, 2011). Turns are a 
primary trigger for FOG (Moore et al., 2008; Nieuwboer et al., 2009) and are 
associated with increased falls risk (Canning et al., 2014; Mactier et al., 2015), 
which is of importance to this thesis. Notably falls which occur during a turn have 
been reported as more likely to lead to hip fracture in people with PD compared 
to older adults (Cumming and Klineberg, 1994; Melton et al., 2006). Further 
understanding gait in PD may therefore inform appropriate therapeutic 
intervention to lower falls risk and improve mobility, leading to healthy ageing and 
more effective disease management. 
2.3.1. Summary of gait in Parkinson’s disease 
The pathophysiology of gait disturbance in PD remains poorly understood, with 
evidence demonstrating that both dopaminergic and non-dopaminergic 
contributors such as cholinergic degeneration play a role. The automatic and 
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rhythmic nature of gait implies that it is a simple task; however gait requires 
integration of numerous levels of information processing, including integration of 
internal cortical, sub-cortical, brainstem and spinal cord neural networks with 
external sensory input (Figure 2-1 and 2-2). Ageing and pathology can affect any 
number of these levels to cause gait disturbance in PD, hence gait is no longer 
thought of as purely a motor task or reflexive activity, but as mentioned is viewed 
as a complex multisystem disorder which involves non-motor mechanisms such 
as cognitive and sensory (visual) processes.   
2.4. Cognition 
Cognition is a multi-dimensional construct represented by interdependent 
functions, such as attention, executive function, visuo-spatial ability and working 
memory, each of which are considered in this thesis (see Table 2-1 for 
definitions). Complex relationships exist between these interdependent cognitive 
functions, which indicate both separate and overlapping features. Indeed, 
attentional and executive functions (which may or may not include working 
memory (Kane and Engle, 2002; Kane et al., 2007)) overlap to the extent that 
they are often considered as one cognitive process (Engle, 2002; Engle and 
Kane, 2004; Kane et al., 2006), representing a unitary domain (Posner and 
Raichle, 1996; Berger and Posner, 2000).  
Attention is itself a complex, multi-dimensional process which is often considered 
to have overarching capacity (Lückmann et al., 2014), as a ‘supervisory system’  
or ‘gatekeeper’ that allocates resources to competing processes (cognitive, visual 
or motor) (Posner and Boies, 1971; Baddeley, 1992; Posner and Rothbart, 2007). 
Therefore if attentional deficit is present, other cognitive functions are also 
compromised (Posner and Petersen, 1990), which impacts data interpretation. 
For example, as noted in Table 2-1 working memory is dependent on attentional 
processes to determine capacity and allocation (Kane et al., 2006). Working 
memory involves temporary storage of information (Hikosaka et al., 2000), which 
has severely limited capacity with only 3 to 4 objects able to be maintained at 
once (Sperling, 1960; Irwin and Andrews, 1996; Luck and Vogel, 1997; Vogel et 
al., 2001). Attention ensures only goal-directed items enter the limited working 
memory space (Awh et al., 2006), including visuo-spatial information used for 
navigation (Huestegge and Koch, 2012). Attention and visuo-spatial ability also 
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share a complex relationship in PD (Crucian et al., 2010), with the lateral 
geniculate nucleus (LGN) acting as an attentional ‘gatekeeper’ to visuo-spatial 
processing (O'Connor et al., 2002). Standard visuo-spatial assessments require 
attentional input from an early stage of visual processing to select focal areas of 
interest (Finton et al., 1998; Baluch and Itti, 2011; White et al., 2013). One study 
demonstrated that visuo-spatial deficits in PD disappeared when controlling for 
attention (Bondi et al., 1993), indicating need for a cautious approach to 
interpretation.   
Interpretation is complicated by the lack of a single and clear-cut definition of 
attention (Yogev-Seligmann et al., 2008). As a result attention is often classified 
into separate activities to help guide interpretation, such as set shifting, inhibitory 
control or selection (focusing on and ignoring information), alternating, divided 
and vigilance/sustained attention (Yogev-Seligmann et al., 2008; Iansek et al., 
2013). Different theoretical and neuroanatomical models of attention also exist to 
guide interpretation which vary in application to vision and gait research (Posner 
and Petersen, 1990; Baddeley, 1992; Itti and Koch, 2001; Knudsen, 2007; Baluch 
and Itti, 2011; Petersen and Posner, 2012). The type of attention and the model 
used to describe attention play an important role in the dissemination of findings. 
This thesis concentrates primarily on attentional inhibition (also known as 
selective attention) and uses a neuroanatomical model in an attempt to highlight 
specific PD impairments (Figure 2-2). 
Most neuroanatomical models describe that attentional projections originate from 
executive activity in the pre-frontal cortex (PFC) (Aleman and van't Wout, 2008), 
which extend to broader cortical networks including those with BG input (McNab 
and Klingberg, 2008). However attentional arousal also originates from sub-
cortical noradrenaline and cholinergic projections, involving structures such as 
the locus coeruleus, thalamus, PPN and nucleus basalis of Meynert (Gratwicke et 
al., 2015). Therefore large scale neural networks are involved in attention with 
various distributions of processing (Mesulam, 1990), and cortical epicentres 
located in the pre-frontal, frontal (dorso-lateral PFC, FEF, SEF ACC) and 
posterior-parietal cortices (LIP, PEF) (Mesulam, 1999), as depicted in Figure 2-2. 
Dysfunction in any of these cortical or sub-cortical attentional networks with age 
or pathology may impact cognitive, visual or gait processes. 
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Baluch and Itti (2011) provided a neuroanatomical model of attention, based 
upon structural micro-stimulation and lesion studies. This model was adapted in 
Figure 2-2 and depicts a complex network of top-down (voluntary or cognitive) 
and bottom-up (reflexive or automatic) attentional projections from cortical and 
sub-cortical structures. The model primarily relates to visual processing but can 
be extended to gait, as it contains the fronto-striatal and fronto-parietal pathways 
alluded to within cognition and gait research (Hausdorff et al., 2010). Dysfunction 
in the fronto-striatal pathway (involving the PFC and caudate nucleus) is common 
in PD (Owen, 2004; Robbins and Cools, 2014) and impacts attention, executive 
function and working memory (Stamenović et al., 2004), which have been related 
to continuous gait deficit. Similarly, fronto-parietal pathway dysfunction (involving 
the PFC and parietal-cortex) has been associated with episodic gait impairments 
such as FOG (Hashimoto, 2006; Jha et al., 2015).  
In keeping with the visual neuroscience nature of the topic discussed, throughout 
this thesis unless otherwise stated the term ‘attention’ will refer to top-down 
attention which involves executive function. Reflexive (stimuli driven) attention will 
be referred to as ‘bottom-up attention’, which is involved in initial saliency filtering 
(Itti, 2005; Bruce and Tsotsos, 2009). Therefore within this thesis attention refers 
to goal-directed signals that originate from executive processes at the PFC 
(Aleman and van't Wout, 2008), which are used for information selection via 
inhibitory control (suppression) of bottom-up attention, and subsequent 
processing of selected information (Berger and Posner, 2000).  
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Figure 2-2 - Model of attention adapted from Baluch and Itti (2011) 
[The complex array of connections are not all-encompassing but indicate the most likely 
attentional projection between two areas; either top-down attentional projection (blue arrow), 
bottom-up attentional projection (red arrow), or bi-directional attentional projection (black double 
headed arrow). Top-down processing: PFC = pre-frontal cortex, SEF = supplementary eye field, 
FEF = frontal eye-field, LIP = lateral intraparietal area, ACC = anterior cingulate cortex. Thalamic 
processing: VA = ventral anterior nucleus, VL = ventral lateral nucleus, VM = ventral medial 
nucleus, MD = medio-dorsal thalamus, LGN = lateral geniculate nucleus. Visual processing: PEF 
= parietal eye-field, IT = infero-temporal cortex, MT = middle temporal area (also known as V5). 
Reward system: SNr = substantia nigra pars reticulate, CN = caudate nucleus, GPe = globus 
pallidus external, GPi = globus pallidus internal, SNc = substantia nigra pars compacta, STN = 
subthalamic nucleus. Ocular motor system: SC = superior colliculus. Motor Cortex: SMA = 
supplementary motor area, M1 = primary motor cortex] 
 
Chapter 2: Cognition, vision and visuo-cognition in gait in Parkinson’s disease 
17 
 
2.4.1. Cognition in Parkinson’s disease 
Cognitive impairments in PD are diverse (and summarised in Table 2-1), with 
severity and progression to dementia varying between different sub-groups 
(Pagonabarraga and Kulisevsky, 2012), and classification of dysfunction based 
on criteria from the Movement Disorders Society taskforce (Litvan et al., 2012). 
Most commonly there are deficits in attention, executive function, visuo-spatial 
ability, working memory and memory (Caccappolo and Marder, 2010), whereas 
other processes such as language are usually less affected (Barone et al., 2011 
3103). Such deficits occur early and insidiously (Pfeiffer et al., 2014; Yarnall et 
al., 2014), and are dominated by attentional deficit (Taylor et al., 2008; 
Svenningsson et al., 2012). Most people with PD will eventually develop cognitive 
deficits, but progression (decline) is dependent upon genetic factors and 
pathological changes in different substrates (Svenningsson et al., 2012), such as 
fronto-striatal dysfunction (slow decline) (Jokinen et al., 2013) and posterior-
cortical deficits (rapid decline) (Pagonabarraga and Kulisevsky, 2012). Fronto-
striatal defects are related to dopaminergic dysfunction and can react to 
dopaminergic medication (Emre et al., 2014), whereas posterior-cortical deficits 
perhaps result from degeneration of cholinergic innervation from the basal 
forebrain (Pagonabarraga and Kulisevsky, 2012). Age-related cognitive deficits 
which are typically more amnestic and represent increased cholinergic burden 
(Petersen et al., 1999; Bohnen et al., 2006) also contribute to PD cognitive 
impairment, especially in more advanced  disease (Bohnen and Albin, 2011).  
Of particular importance to this thesis is the role of attention within inhibitory 
control (Crawford et al., 2002), which also involves executive function and 
working memory (Gurvich et al., 2007; Baglio et al., 2011; Munakata et al., 2011; 
Parker et al., 2013). Although people with PD largely have difficulties with 
initiating movements (Favre et al., 2013), they also have deficits in action 
selection (Benis et al., 2014) and inhibitory control (Gauggel et al., 2004; Gurvich 
et al., 2007; Jahanshahi et al., 2015). For example, people with PD have 
increased anti-saccade errors due to impaired inhibitory control of reflexive 
saccades (Crawford et al., 2002; de Boer et al., 2014). Inhibitory impairment in 
PD relates to reduced attentional resources (Conway and Engle, 1994) and 
dysfunctional attentional activation within motor areas (SMA and other pre-motor 
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areas; Figure 2-2) (Gauggel et al., 2004; Seiss and Praamstra, 2004; van den 
Wildenberg et al., 2006; Yugeta et al., 2010; Alegre et al., 2013; Jahanshahi, 
2013; Benis et al., 2014; Jahanshahi et al., 2015; Rae et al., 2015), which 
Levodopa medication does not impact (Obeso et al., 2011b). Notably, fronto-
striatal atrophy and frontal dysfunction with PD have been linked to impaired 
inhibitory control, and increased distractibility (Fonoff et al., 2015).  
Impaired inhibition of automatic responses can lead to dysfunctions in a range of 
actions in PD, including gait (Baglio et al., 2011; Obeso et al., 2011a) and eye-
movements (Crawford et al., 2002; Grande et al., 2006; Joti et al., 2007; van 
Stockum et al., 2008; Terao et al., 2011; de Boer et al., 2014). Disease severity 
further impacts inhibitory control mechanisms (Ye et al., 2015). Indeed, 
accelerated attentional decline has been shown in people with PD within the 
PIGD phenotype compared to the TD phenotype (Burn et al., 2006; Domellof et 
al., 2011). Similarly recent evidence has demonstrated greater disruption of 
inhibitory control in those with FOG (Cohen et al., 2014; Bissett et al., 2015; 
Walton et al., 2015), with reduced recruitment of cortical and sub-cortical regions 
implicated (Shine et al., 2013a).  
The neural mechanisms underlying attentional control are transient in nature and 
tend to fluctuate in efficiency over time (West and Alain, 2000b), which can 
impact decision making capabilities in PD (Damier, 2015; Trachsel et al., 2015). 
Therefore another vital cognitive feature to this thesis is that of fluctuation of 
cognition, specifically attention, which occurs in all of the major dementias 
(Ballard et al., 2001). Fluctuation of attention is sensitive to age-related cognitive 
decline (Salthouse, 1996) and is characteristic of PD dementia (PDD) (Emre, 
2003). It is also characteristic of dementia with Lewy bodies (DLB) (Walker et al., 
2000) and is useful in the differential diagnosis of Alzheimer’s disease (AD) 
(Bradshaw et al., 2004; Mosimann et al., 2004; Taylor et al., 2013), particularly 
variability (i.e. coefficient of variability) in measures of simple and choice reaction 
time (CRT) (Ballard et al., 2001). Cognitively intact people with PD have not been 
shown to experience fluctuation of attention, but individuals with PDD do 
experience impaired attentional reaction time, vigilance and fluctuation of 
attention (particularly CRT) that is comparable to that found in DLB (Ballard et al., 
2002; Burn and McKeith, 2003). Indeed, fluctuation of attention is a dominant 
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factor in determining diagnosis and disability in PDD (Burn and Yarnall, 2014). 
PDD and DLB are very similar conditions that are extremely difficult to 
differentiate between (Ballard et al., 2002) and are often conjointly referred to as 
‘Lewy body dementias’ (Burn and Yarnall, 2014; Cromarty et al., 2016). PDD and 
DLB share many clinical and pathological features and are often considered part 
of the same disease spectrum (McKeith, 2000; Burn and McKeith, 2003; 
Donaghy and McKeith, 2014), therefore similar pathological mechanisms may 
underpin clinical features (i.e. fluctuation of attention) (Bosboom et al., 2004). 
Fluctuation of attention and its relationship to eye movements (visual stimuli) 
have been studied for over 100 years (Hylan, 1898; Ferree, 1906; Liddell, 1919; 
Guilford, 1927). Despite this the underlying mechanisms involved in fluctuation of 
attention are not fully understood which likely reflect the lack of a ‘gold-standard’ 
clinical measure for cognitive fluctuations (Lee et al., 2012a), although CRT 
variation may provide the strongest objective attentional measure that associates 
with fluctuation (Taylor et al., 2013). Recent work has reported that fluctuations 
may relate to distributed functional network perturbations rather than specific 
structural abnormalities (Taylor et al., 2013). Further, evidence from DLB 
research has shown reduced functional connectivity or desynchronization in 
cortical and sub-cortical networks related to the fronto-parietal attentional network 
are related to severity and frequency of fluctuations (Franciotti et al., 2013; 
Peraza et al., 2014). Impaired thalamo-cortical connectivity and thalamic 
cholinergic imbalance have also been related to cognitive fluctuation in DLB, with 
reduced thalamic projections to the PFC and parieto-occipital cortices (Delli Pizzi 
et al., 2014). Cholinergic dysfunction may also have a role in PDD as the 
application of levodopa medication relates to increased attentional fluctuations in 
this group (Molloy et al., 2006), whereas cholinesterase inhibitors reduce 
fluctuations (Emre et al., 2004). Increased cholinergic burden with PD has been 
related to gait (Rochester et al., 2012b) and cognitive dysfunction (Burn et al., 
2006), and within PDD the PIGD phenotype is over-represented (Burn et al., 
2003). Similarly, greater fluctuation of attention (i.e. reaction time variability) has 
been associated with increased fall frequency in PD and was a stronger falls 
predictor than absolute attention (i.e. mean reaction time or power of attention) 
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(Allcock et al., 2009). Fluctuation of attention may therefore be a sensitive 
measure of attentional decline in PD, with links to gait dysfunction and fall risk.  
  
 
2
1
 
Table 2-1 - Overview of Cognitive Deficits in Parkinson's disease and Older Adults 
Cognitive 
Function 
Definition/Background Older adults Parkinson’s disease 
Attention An overarching cognitive 
function (Lückmann et al., 
2014). Ability to focus, 
select information and 
mediate parallel 
processes, allocating 
limited central processing 
capacity where relevant 
(Noudoost et al., 2010). 
Declines with age   
 Declines more rapidly than other 
cognitive functions (Sweeney et al., 
2001) 
 Deficits impact various aspects of 
attentional control such as inhibition seen 
in a number of tests such as the Stroop 
test (West and Alain, 2000a) 
 
Impaired 
 Commonly impaired even in those without dementia (Palavra 
et al., 2013) 
 Relates to dysfunctional fronto-striatal and fronto-parietal 
networks (Gerrits et al., 2015) 
 Cholinergic dysfunction is also involved via nucleus basalis 
of Meynert and pedunculo-pontine nucleus input to the 
thalamus and cerebral cortex (Yarnall et al., 2011) 
 Shown via neuropsychological tests and prolonged P3 
latencies (Suna et al., 2014)  which increase with disease 
severity (Lopes et al., 2014; Tang et al., 2015) 
Executive 
Function 
Ability to plan and execute 
goal-directed behaviours 
(Ding et al., 2015).  
 
 
 
Declines with age 
 Linked to age-related frontal-striatal 
deterioration (Buckner, 2004) 
 Impairments impact on intention, 
initiation, inhibition and switching 
performance (Hull et al., 2008) 
Impaired  
 Sensitive to neuropsychological tests such as the Trail 
Making Test (Lewis et al., 2003) 
 Early impairment which primarily involves the pre-frontal 
cortex (Zgaljardic et al., 2006) 
 Reflected by impairment in a range of cognitive skills such 
as poor inhibitory response (Ding et al., 2015) 
 Linked to increased motor slowing and difficulties in planning 
(Weintraub et al., 2005) 
Working Memory Ability to maintain and 
manipulate information 
over short time periods, 
which is linked to 
attentional control 
(Baddeley, 1992; Awh et 
al., 2006). 
Declines with age 
 Decline related to deterioration of 
attention (Gazzaley et al., 2005) 
 Involved in attentional inhibition and 
decreased functional connectivity within 
large-scale brain networks (Fabiani et al., 
2015) 
Impaired  
 Impairment is related to fronto-striatal (Robbins and Cools, 
2014) and right hemisphere dysfunction (Foster et al., 2013) 
 Not always apparent without the use of sensitive 
neuropsychological tests (Possin et al., 2008) 
Visuo-spatial 
ability 
Ability to visually perceive 
the spatial relationships of 
objects. It is linked to 
attention and memory 
(Richards et al., 1993). 
Declines with age 
 Declines more than verbal cognitive 
tasks (Jenkins et al., 2000) 
 Declines related to changes in underlying 
neural mechanisms (Klencklen et al., 
2012), which involve altered fronto-
parietal signals (Drag et al., 2015) 
Impaired 
 Can be less impaired than other cognitive domains (Possin, 
2010; Caproni et al., 2014) 
 Associated with increased motor severity and freezing of gait 
(Nantel et al., 2012) 
 Related to frontal and parietal lobe deterioration (Biundo et 
al., 2013), with right hemisphere dysfunction implicated 
(Karádi et al., 2015; Seichepine et al., 2015) 
 Underlying structural changes of grey matter in frontal and 
temporal-parietal cortices impact this function (Pereira et al., 
2009; Rektorova et al., 2014) 
(Older adult impairments are from articles comparing older adults (>50 years old) to either younger adults or pathological groups, Parkinson’s disease impairments relate 
to comparisons to healthy older adults) 
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2.4.2. Cognition and gait 
The relationship between gait and cognition in PD (Figure 2-1(A)) is particularly 
strong and supported by mechanistic and imaging work (Grabli et al., 2012; 
Maillet et al., 2012). Various relationships between selective gait characteristics 
and cognitive functions have been found, however attention has a central role in 
gait in PD (Yogev-Seligmann et al., 2008).   
Recent work from our group examined the association between gait and 
cognition in older adults and PD (Lord et al., 2014), using a comprehensive 
battery of cognitive and gait measures. We found a strong relationship between 
attention and the ‘pace’ domain of gait (comprising gait velocity, step length and 
step time). Similarly, online studies utilising dual task protocols which manipulate 
attention in real-time demonstrate an increase in gait variability, reduced velocity, 
swing time and step length in older adults (Hollman et al., 2007; Verghese et al., 
2007a; Hausdorff et al., 2008) and PD (Yogev et al., 2005; Rochester et al., 
2008; Kelly et al., 2012a). However dual task interpretation is challenging 
because of the complex intertwined nature of attention, executive function and 
working memory (Yogev-Seligmann et al., 2008; Rochester et al., 2014), which 
have overlapping influences on dual task performance (Kelly et al., 2012b).  
Executive dysfunction is related to gait deficit in PD, particularly in those who 
report FOG (Amboni et al., 2008; Heremans et al., 2013) and people with the 
PIGD phenotype (Lord et al., 2014), who present with  greater frontal impairment 
(Burn et al., 2006; Maidan et al., 2015). Associations between gait and cognition 
have reported that executive dysfunction related to reduced gait velocity, 
increased variability, step time and swing time in older adults (Ble et al., 2005; 
Springer et al., 2006; van Iersel et al., 2008; Liu-Ambrose et al., 2010; Holtzer et 
al., 2012) and PD (Plotnik et al., 2009; Lord et al., 2010; Lord et al., 2014). 
Interpretation is complicated by the intimate relationship between executive 
function and attention (Kudlicka et al., 2011), which has prompted these functions 
to be discussed both separately as well as a unitary domain (i.e. executive-
attention) (Holtzer et al., 2006; Verghese et al., 2008; MacAulay et al., 2014). 
Discerning their individual role in gait is therefore challenging, and highlights a 
need for precise cognitive assessment and outcome reporting.  
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As another closely related cognitive function, working memory is also associated 
with gait deficit in older adults, for example with gait velocity (Holtzer et al., 2006; 
Soumare et al., 2009), step time (Holtzer et al., 2012), step time variability, 
double support time and step length (Holtzer et al., 2006; Martin et al., 2013). The 
relationship in PD is less clear with research showing contradictory results 
(Amboni et al., 2012; Lord et al., 2014; Stegemoller et al., 2014). Inconsistencies 
in PD associations are possibly due to the use of subtly different working memory 
assessments (i.e. digit span forward or backward, or Rey Auditory Verbal 
Learning Test) and limited consideration for features that potentially sensitise the 
relationship such as disease phenotype, as reported by Lord et al. (2014). 
Visuo-spatial ability has been related to Parkinsonian gait, possibly due to 
impairment of attentional networks common to visuo-spatial function and gait 
control (Menant et al., 2014). Amboni et al. (2012) reported an association in PD 
between impaired visuo-spatial ability and deficits in their ‘stability’ gait domain. 
Correspondingly, deficits are implicated in falls in older adults (Reed-Jones et al., 
2013) and PD (Davidsdottir et al., 2005; Allen et al., 2013). Visuo-spatial 
impairment with age and PD also relates to reduced step length (Nadkarni et al., 
2010), gait velocity (Beurskens and Bock, 2011), and increased double support 
time, stride time variability (Menant et al., 2014), step length variability (Martin et 
al., 2013) and reduced timed up and go speed (Donoghue et al., 2012). Findings 
are however contradictory (Soumare et al., 2009; Plotnik et al., 2011), at least 
partly due to lack of comprehensive and rigorous visuo-spatial assessment (Lord 
et al., 2014). Again, the relationship may also depend on disease severity, as 
reported previously for the PIGD phenotype (Domellof et al., 2011) and in those 
who experience FOG (Nantel et al., 2012; Heremans et al., 2013) (Table 2-1). A 
recent study involving a large number of people with PD (n=783) found that 
visuo-spatial ability was significantly related only with FOG severity (Kelly et al., 
2015), possibly due to greater frontal and right posterior-parietal cortex deficits in 
those with FOG (Velu et al., 2013; Handojoseno et al., 2015). Understanding of 
visuo-spatial contribution to gait is further limited by lack of online studies (Kelly 
et al., 2012b). For example, a recent study by Ricciardi et al. (2014) manipulated 
visuo-spatial ability during gait in a small cohort of PD using a dual task (i.e. 
completion of a visuo-spatial assessment shown on a projector screen while 
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walking), but did not report gait characteristics during the task which limited 
findings. Test paradigms are not always considered with respect to other 
cognitive (i.e. attention) and visual functions which are not routinely assessed. A 
further issue is that laboratory manipulations may also be unrepresentative of 
real-world environments (Dowiasch et al., 2015; Ottosson et al., 2015).  
2.4.3. Evidence from imaging 
Imaging the brain while walking is impossible as the head has to remain still.  To 
overcome this, protocols have used motor imagery or assays of gait in an attempt 
to understand the neural correlates of gait. Imaging studies generally 
demonstrate that gait involves a widely distributed neural network (Maillet et al., 
2012; Bohnen and Jahn, 2013; Herman et al., 2013; Holtzer et al., 2014). 
Although most studies have focussed on motor control, more recent work 
demonstrates overlap with neural networks associated with cognitive function 
such as the pre-frontal and frontal cortex (Seidler et al., 2010; Shine et al., 
2013a). More recent work has used techniques such as functional near infra-red 
spectroscopy (fNIRs) that allow activity in the frontal cortex to be measured while 
a person is walking (Ferrari and Quaresima, 2012). These studies have shown 
that episodic gait impairment and postural control in PD are associated with 
online changes in frontal cortex activation (cerebral oxygenation: HbO2) levels 
(Mahoney et al.; Maidan et al., 2015). Similarly, fNIRs studies have shown 
increased PFC activation during dual task gait in older adults (Holtzer et al., 
2011; Doi et al., 2013; Beurskens et al., 2014). Also, studies exploring network 
functions and connectivity have shown a breakdown in connectivity between 
regions related to gait, attention, executive function (Fasano et al., 2015; Sarasso 
et al., 2015) and visuo-spatial ability (Nantel et al., 2012), accompanied by 
greater right hemisphere dysfunction (Tessitore et al., 2012; Fling et al., 2013; 
Shine et al., 2013b; Peterson et al., 2014). To date, limitations to this emerging 
area of research include recruitment of mostly advanced cohorts and test 
protocols using techniques such as motor imagery or virtual reality, which may 
only partially represent online execution and therefore require cautious 
application (Cohen et al., 2011).  
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2.4.4. Summary of cognition and gait in Parkinson’s disease 
In summary, the role of cognition in gait in PD is complex and multi-factorial, but 
associations and online gait deficits have been extensively researched. Robust 
evidence within this section demonstrates a potentially central or overarching role 
of attention in gait in PD. This is impacted by PD impairment of the fronto-striatal 
and fronto-parietal pathways, as stated in Table 2-1. Overarching attention also 
complicates cognitive assessment and data interpretation due to its links with 
visual, cognitive and gait processes. To date no studies pertaining to the 
association or online manipulation (dual task) of cognition in gait have addressed 
the confounding role that vision may have in gait in PD (Figure 2-1(C)), this is 
further discussed in section 2.6.  
2.5. Vision 
Vision is a complex sensory system, involving integration of multiple structures 
and levels of information processing (Kaas, 2008). Critically vision relies on 
creation of various components (i.e. form, colour and movement) to allow 
interpretation of complex visual scenes (Cavanagh, 2011). Visual processes 
begin at the retina where photoreceptors absorb light and visual functions begin 
to break down the retinal image into its components (Itti and Koch, 2001) before 
sending the information to high-level areas for further processing (Wolfe, 1994) 
(Table 2-2). Integrity of these low-level visual functions is therefore vital for 
adequate vision.  
2.5.1. Visual function in Parkinson’s disease 
Visual impairment is common in PD and is associated with gait dysfunction, 
although methodological issues (summarised in Table 2-2) necessitate cautious 
interpretation. The impact of visual impairment on gait has primarily been 
investigated in healthy young and older adults, with limited evidence in PD. Such 
studies demonstrate that age-related deficit in visual function is associated with 
reduction in activities of daily living, quality of life, mobility and is an independent 
risk factor for falls (Reed-Jones et al., 2013; Uiga et al., 2015). Visual pathology, 
such as glaucoma, cataracts and macular de-generation are a common and often 
under-reported problem in older adults. However these visual problems are seen 
in PD along with a wide range of other visual impairments, from impairment of 
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basic functions such as visual acuity (VA) and contrast sensitivity (CS) to more 
complex processes such as depth perception, motion perception and optic flow 
(Armstrong, 2011), as shown in Table 2-2. Associations between visual 
impairments and gait in older adults may be stronger in PD especially as visual 
deficits increase with disease progression. 
2.5.2. Vision and gait 
Methodological paradigms that explore the association between visual function 
and gait characteristics or manipulate vision in real-time while the participant is 
walking (e.g. navigating narrow doorway, lines on the floor, light and dark rooms) 
provide some understanding of the contribution of vision to gait in PD, as 
depicted in Figure 2-1(B).   
Impaired visual functions such as VA have been associated in PD and older 
adults with reduced step length (Spaulding et al., 1994; Hallemans et al., 2010) 
and gait velocity (Shin et al., 2015), although this finding is not consistent (Klein 
et al., 2003). In PD, VA is the most commonly and often only assessed visual 
function. Changes in vision may not be adequately represented by VA alone 
(Geldmacher, 2003). CS is considered more applicable to real-world vision during 
gait, where the contrast of light and shade is critical. Indeed, impaired CS has 
been associated with reduced step width (Wood et al., 2009), step length (Wood 
et al., 2009; Swigler et al., 2012), gait velocity (Moes and Lombardi, 2009; Wood 
et al., 2009), physical activity levels (Black et al., 2011), and fear of falling (Wang 
et al., 2012). Other functions related to real-world vision such as dynamic VA 
have also been associated with falls (Honaker and Shepard, 2011). This 
indicates a need for comprehensive visual function assessment and more 
stringent methodological consideration. More complex assessments involving 
depth perception have been associated with increased obstacle contacts during 
gait (Menant et al., 2010), likely due to impairment of obstacle height perception 
(Yamaji et al., 2011). Motion perception (described in Table 2-2) has been 
associated with reduced functional task (e.g. driving) performance (Owsley, 
2011), however despite obvious ties to gait it has largely been overlooked 
(Armstrong and Kergoat, 2015). 
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Optic flow is a similar concept to motion perception as described in Table 2-2, 
and has predominantly been studied using online manipulation. Manipulation of 
optic flow while walking is carried out using video or projection based visual input 
(i.e. projected dots on a screen) shown at varying velocities to provide a sense of 
depth. In PD, significant gait impairments are found in velocity and step length 
(Lebold and Almeida, 2010) as well as increased veering (Davidsdottir et al., 
2008), with dysfunctional right parietal cortex implicated (Davidsdottir et al., 2008; 
Putcha et al., 2014). Optic flow protocols however require intact depth perception 
(Simpson, 1993) and a limitation of these studies is that they do not control for 
visual deficits, as noted in Table 2-2. As a consequence it is unclear if gait 
impairment is a result of impaired depth perception (Lord et al., 2002; Menant et 
al., 2010) or indeed optic flow as suggested. Lack of an appropriate control group 
(older adults) in optic flow studies in PD (Lebold and Almeida, 2010; Almeida and 
Bhatt, 2012) and use of attentional tasks (such as lines on the floor to step on) 
which alter optic flow without consideration of cognitive processes further 
confound interpretation of findings.   
Other studies with simple visual manipulations such as doorways (Cowie et al., 
2010; Cowie et al., 2012) have shown reduction in gait velocity and step length, 
and increased step time in PD (Lebold and Almeida, 2010; Pieruccini-Faria et al., 
2014). These studies suggest that people with PD become reliant on vision for 
gait (Azulay et al., 1999; Azulay et al., 2002; Khattab et al., 2012). However many 
previous studies have involved visual occlusion (i.e. walk in a dark room) which 
merely provides a comparison of the contribution of proprioception compared to 
vision during gait (Stuart et al., 2014a). When vision is occluded (Azulay et al., 
1999; Adamovich et al., 2001; Almeida et al., 2005), visual processing still occurs 
with visuo-spatial information obtained from working memory (Jackson et al., 
1995) which adds unnatural cognitive load during gait. Mimicking real-world 
environments with more subtle visual manipulations (such as adding a doorway) 
may provide insight into real-world impairments (Jackson et al., 1994).  
2.5.3. Summary of vision and gait in Parkinson’s disease 
In summary, the role of vision in gait in PD has not been as rigorously 
investigated as the role of cognition in gait. Despite this, evidence within this 
section demonstrates that deficits in selective gait characteristics have been 
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linked to visual dysfunctions in PD and older adults. To date however no studies 
have addressed the role of cognition during association or online manipulation of 
vision in gait in PD (Figure 2-1(C)). Online manipulation studies merely compare 
gait performance with and without vision or visual manipulation, and attribute gait 
deficits solely to visual processes. This evidence highlights the limitations of 
protocols exploring the role of vision in gait in PD as they do not consider the 
confounding influence of cognition (this is further discussed in section 2.6).
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Table 2-2 - Overview of Visual Deficits in Parkinson's disease and Older Adults 
Visual 
Function 
Definition Older adults Parkinson’s disease Key Methodological Issues 
Visual 
acuity (VA) 
The ability to distinguish 
small details and shapes 
of objects (Kaiser, 2009). 
Declines with age  
 Susceptible to decline from 
changes in ocular media 
(Sjostrand et al., 2011), and 
changes in neural processing 
(Hennelly et al., 1998) 
Impaired 
 Associated with subjective 
reports of blurred vision (Jones 
et al., 1992; Archibald et al., 
2011; Armstrong, 2011) 
 Linked to dopamine depletion in 
the retina (Archibald et al., 
2009) 
Often non-significant impairment in 
PD compared to controls reported 
due to small sample sizes e.g. 
Galna et al. (2012).  
Often only visual function 
assessed. 
Contrast 
sensitivity 
(CS) 
The ability to differentiate 
between objects and their 
background (Evans and 
Ginsburg, 1985). 
Declines with age 
 Susceptible to decline from 
changes in ocular media (Ross et 
al., 1984), and changes in neural 
processing (Sloane et al., 1988) 
Impaired 
 Seen via standard visual chart 
assessment (Galna et al., 2012) 
 Specific losses for spatial 
frequencies (Bodis-Wollner et 
al., 1987; Price et al., 1992; 
Swigler et al., 2012) 
 Significant deficit in orientation 
discrimination for horizontal but 
not for vertical gratings (Mestre 
et al., 1990) 
Often non-significant impairment in 
PD compared to controls reported 
due to small sample sizes e.g. 
Galna et al. (2012). 
 
 
Dynamic 
visual 
acuity 
The ability to perceive an 
object when there is 
motion between the 
observer and the target 
(Ishigaki and Miyao, 
1994). 
Declines with age  
 Under all luminance, velocity, and 
duration conditions  (Long and 
Crambert, 1990) 
Impaired  
 Under all luminance, velocity, 
and duration conditions (Uc et 
al., 2005b; Taweekarn et al., 
2009) 
 
 
Not often assessed. 
Depth 
perception 
The ability to perceive the 
world in three dimensions 
(3D) and the distance of 
an object (Omoto et al., 
2010). 
Declines with age  
 Common in the absence of ocular 
morbidity (Wright and Wormald, 
1992) 
 Decline is marked in those >60 
years old (Garnham and Sloper, 
2006) 
Impaired  
 Common in drug naïve patients 
(Kim et al., 2011) 
 Linked to reduction in gray 
matter volume in the right extra-
striate visual cortex (Koh et al., 
2013) 
Some studies limited by not 
assessing for nor excluding 
patients with vision affecting eye 
conditions e.g. Goodale and 
Haffenden (1998). 
Motion 
perception 
The process of inferring 
the speed and direction 
of elements in a scene 
(Ehrenstein, 2003). 
Declines with age  
 Motion perception thresholds 
shown to be approximately two 
times higher in those 70-80 years 
old than individuals under thirty 
(Trick and Silverman, 1991) 
Impaired  
 Motion perception thresholds 
significantly elevated (Trick et 
al., 1994) 
 Linked to VA and CS 
impairment (Uc et al., 2005b) 
Not often assessed. 
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Optic flow Refers to the motion of 
the environment 
projected on the retina 
during movement in the 
world (Kelly et al., 2005). 
Declines with age  
 Decline in ability to localise and 
detect optic flow patterns (Berard 
et al., 2009) 
 Affects navigation and steering 
control (Berard et al., 2011) 
Impaired 
 Linked to gait impairments such 
as veering and navigation 
issues (Davidsdottir et al., 2008; 
Lin et al., 2014) 
 Relates to impaired neural 
processing in visuo-vestibular 
(Putcha et al., 2014) and feed-
forward visuo-motor regions 
(van der Hoorn et al., 2014) 
Many studies use artificial 
assessment devices which require 
depth perception, but do not 
control for or exclude based on 
depth perception deficits. 
 (Older adult impairments are from articles comparing older adults (>50 years old) to either younger adults or pathological groups, Parkinson’s disease impairments relate 
to comparisons to healthy older adults) 
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2.6. The interaction between visual and cognitive function: Visuo-
cognition 
To date no studies have considered how visual and cognitive functions (Tables 2-
1 and 2-2) may interact during gait in PD (Figure 2-1(C)). Instead gait deficits are 
attributed solely to individual cognitive or visual functions, despite such functions 
being related with common gait characteristics (Callisaya et al., 2009). However 
evidence from static studies indicates that cognitive and visual functions are 
associated in older adults (Lin et al., 2004) and PD (Harris, 1998).  
A recent review by Archibald et al. (2009) supported the notion that cognitive and 
visual functions interact in PD. Indeed, foveal retinal dopaminergic depletion 
(Bodis-Wollner, 2009) and structural changes (Bodis-Wollner, 2013) such as 
retinal thinning (Adam et al., 2013; Bodis-Wollner et al., 2013) can distort signals 
from visual functions and impact cognitive processes in PD. Abnormal visual 
processing within BG loops is also suggested to cause people with PD to become 
reliant on attentional compensation (Redgrave et al., 2010). Imaging data 
demonstrates that attention can compensate for visual function deficits in healthy 
adults (Meppelink et al., 2009), a mechanism which may be intact in early PD. 
Attention has been shown to improve visual functions such as spatial resolution 
(Yeshurun and Carrasco, 1998; Carrasco et al., 2002) and CS (Carrasco et al., 
2000; Pestilli and Carrasco, 2005; Carrasco, 2006) by affecting change in 
stimulus appearance (Carrasco et al., 2004), and enhancing contrast and 
salience via V4 neurons by up to 51% (Reynolds et al., 2000). Attention is also 
involved in increasing visual processing speed in neurons as early as V1 
(Carrasco and McElree, 2001; Pestilli and Carrasco, 2005). However, despite 
attentional compensation and the ability for levodopa to sustain dopamine within 
the retina (Archibald et al., 2009) visual deficits such as slow visual processing 
persist in PD (Woollacott and Shumway-Cook, 2002). Importantly, compensation 
via attention is constrained because it is also impaired due to pathology, as noted 
above. Of further interest is the attenuation of visual control during gait when 
attentional demands increase, for example when walking under dual task 
conditions. 
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Cognitive and visual functions share the same neural resources and BG-cortical 
loops, with PD cognitive and visual loops overlapping in striatal regions which 
have greater dopaminergic activity (e.g. ventral striatum) (Helmich et al., 2010), 
which further implicates a role for PD pathology in visuo-cognitive interactions 
during gait. However, these interactions in PD are complex and remain unclear 
(Figure 2-1(C)). Cognitive functions, particularly attention activate and inhibit 
many structures during visual processing (Buhmann et al., 2015), giving rise to 
an internal priority (saliency) map (Baluch and Itti, 2011). Executive processes at 
the PFC signal an initial ‘guess’ at the main visual priority (based on task goals) 
and project back via attentional circuits to the temporal cortex where selection is 
integrated into further automatic visual processing (Bar et al., 2006). Therefore 
early cognitive biasing of visual input selection occurs before the automatic 
(bottom-up) visual processing cascade (Baluch and Itti, 2011), and would indicate 
that even though the two systems (vision and cognition) work in unison, cognitive 
functions may underpin visual functions (Borji et al., 2011), especially during 
goal-orientated tasks such as gait. 
2.6.1. Visual sampling within static environments 
Investigation of visual sampling (combination of saccades and fixations) during 
static tasks is one methodology that has allowed study of visuo-cognition in older 
adults and PD (van Stockum et al., 2012). Saccades in particular are the 
mechanisms through which individuals sample their environment (Land, 2006) 
and provide an online behavioural measure of visuo-cognition due to their links to 
both visual (Bridgeman et al., 1981; Hernandez et al., 2008) and cognitive 
functions, particularly attention (van Stockum et al., 2011b) (Figure 2-1). 
Saccades are integral to accurate task completion, as they align areas of interest 
in the environment with our fovea to produce high quality visual information 
(Bodis-Wollner, 2013; Bodis-Wollner et al., 2013) for further cognitive processing.  
Visuo-cognitive deficits in older adults are evidenced by ineffective visual search 
strategies (Becic et al., 2008) and impaired saccades (Ridderinkhof and Wijnen, 
2011) during static testing. Similarly people with PD demonstrate saccadic 
impairment when compared to older adults (Chan et al., 2005; Mosimann et al., 
2005), with impaired voluntary (cognitively activated) and to a lesser extent 
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reflexive (visual stimuli activated) saccades (Terao et al., 2013). Voluntary 
saccades have been shown to be impaired more in advanced PD than early or 
moderate PD (Blekher et al., 2000). Similarly Briand et al. (2001) and Terao et al. 
(2013) demonstrated that reflexive saccades are relatively preserved in early PD 
but worse in advanced PD. Other specific PD saccadic impairments have been 
highlighted in several recent reviews (Anderson and MacAskill, 2013; Srivastava 
et al., 2014; Antoniades and Kennard, 2015), such as; hypometric saccades, 
initiation deficits including increased errors during anti-saccade tasks, reduced 
gain, increased latency of voluntary saccades, reduced latency of reflexive 
saccades and abnormal facilitation during inhibition of return tasks.  
Static studies have provided insight into underlying mechanisms involved in 
saccadic impairment in PD. Voluntary saccades are controlled by interaction 
between the frontal cortex, BG and brain stem (Javaid et al., 2012; Matsumoto et 
al., 2012). Recent investigations have shown that frontal pathology rather than 
motor severity is linked to saccadic deficits in PD (Perneczky et al., 2011; 
Macaskill et al., 2012; Tommasi et al., 2015). However, dysfunctional BG in PD 
also cause deficits in voluntary (top-down) saccades due to impairment of cortico-
BG loops (Tommasi et al., 2015). The BG inhibit and disinhibit information based 
on attentional signal from the PFC. Excessive inhibition on the superior colliculus 
(SC) by the BG in PD can cause problems with voluntary and reflexive (bottom-
up) saccades, seen via increased pro and anti-saccade task errors (Armstrong, 
2011). Reflexive saccades are primarily controlled by the parietal cortex 
(posterior-parietal cortex and posterior eye-field) and the brain stem cholinergic 
system rather than the dopaminergic reward system (Terao et al., 2013), which 
indicates why they are relatively spared in early PD. However the ability to inhibit 
reflexive saccades degrades with PD progression. In early disease, BG 
impairment can be circumvented with inhibition elicited via direct top-down 
influence from the PFC to the SC (Pierrot-Deseilligny et al., 2004). Progressive 
dopamine depletion in the striatum with PD reduces the PFC inhibitory effect 
(Tommasi et al., 2015). Therefore reduced PFC activity and disruption of the BG-
thalmo-cortical loops results in an inability to suppress reflexive saccades (Deijen 
et al., 2006). Combined voluntary saccade impairment and increased 
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distractibility in PD during static tasks has implication for gait in PD, as such 
visuo-cognitive impairment likely impacts gait control.    
2.7. The role of visuo-cognitive processes in gait  
As noted above, investigation of the role of vision and cognition as separate 
entities with respect to gait has led to some understanding of the mechanisms 
involved (see Figure 2-1 (A&B)). However because vision and cognition interact 
(Figure 2-1(C)) this is likely to have important implications for gait in PD (Figure 
2-1(D)). Knowledge of visuo-cognitive processes during gait is therefore 
important and critical to fully understand mechanisms underlying gait impairment 
and help target effective interventions.   
Visuo-cognitive processes during gait in PD have largely been investigated 
through monitoring visual sampling during real-world activities such as gait. To 
date however no one has examined the relationship between saccadic and gait 
outcomes in PD (Figure 2-1(D)), but online studies have revealed important 
findings. The structured review within chapter 3 was carried out in order to 
highlight current online visual sampling findings and provide some 
methodological guidance for the studies contained within this thesis (Stuart et al., 
2014a). 
2.8. Interventions to improve gait that utilise vision and cognition: visual 
cues 
This is an emergent area of research, therefore any commentary on interventions 
that exploit visuo-cognitive processes to improve gait in PD is tentative. However, 
one therapy that aligns itself to these processes and is widely accepted as an 
effective strategy to improve gait in PD is use of visual cues (Rochester et al., 
2011), which consist of transverse taped lines on the floor to step over 
(Nieuwboer, 2008). Visual cue response however is variable, selective to certain 
gait characteristics (e.g. step length) and often only has short term effect (Munoz-
Hellin et al., 2013). Two alternate theories dominate understanding of response 
to cues in PD (Vitorio et al., 2014), which separate the contribution of cognition 
and vision to gait. The first implicates a role for attentional control (Morris et al., 
1996), which is suggested to by-pass BG impairment through attentional 
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projection from the frontal cortex (i.e. PFC, ACC etc.) to the caudate nucleus 
(Rubinstein et al., 2002; Leisman et al., 2014). This theory involves the shift of 
gait control from automatic to more voluntary control (i.e. attention drawn to each 
step) (Morris et al., 1994b; Morris et al., 1994a; Morris et al., 1996). The second 
involves optic flow (Azulay et al., 1999), which is thought to heighten feed-back 
from self-motion and compensate for visual deficits that impact gait (Almeida and 
Bhatt, 2012). Other studies dissent from this, and suggest it is unlikely that 
attention or optic flow solely influence cue response (Azulay et al., 2006; Lebold 
and Almeida, 2011). However, previous research has overlooked interaction 
between cognitive and visual functions (Figure 2-1(C)) during visually cued gait, 
which makes it difficult to draw conclusions as visuo-cognition may influence gait 
response (Figure 2-1(D)). One example of a visuo-cognitive response to visual 
cues involves an initial attentional signal to the cue, followed by saliency filtering 
and selection of appropriate areas of interest (Velik et al.), and subsequent 
interaction with visual functions such as optic flow. However, this is speculative 
and greater understanding of visuo-cognition during gait in PD is first required. 
Ultimately, this understanding will inform mechanisms involved in gait impairment 
and visual cue response, and allow for targeted development of interventions. 
2.9. Summary and Conclusions 
Understanding the role of vision, cognition and visuo-cognition in gait in PD is 
critical to inform mechanisms of gait impairment and targeted therapeutic 
development to improve gait, independent mobility and falls risk. This review has 
covered a substantial body of literature and used a theoretical model to explore 
the contribution of vision, cognition and visuo-cognition to gait in PD. The use of 
associative and online protocols revealed a complex interdependence of these 
functions with evidence suggesting that attention may play a pivotal role. 
Exacting research is required to illuminate the field of inquiry and enhance our 
understanding of this relationship. This consolidated knowledge will inform 
optimised management of gait dysfunction in PD through application of 
appropriate therapeutic interventions, and thereby enhance overall function and 
quality of life for people with PD. 
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3. Measurement of visual sampling during real-world activities in 
Parkinson’s disease and older adults 
3.1. Summary2 
This chapter presents a structured review and critical evaluation of the literature 
regarding visual sampling (a combination of saccades and fixations) during real-
world activities (i.e. gait, obstacle crossing, reaching etc.) in people with PD and 
older adult controls. This review highlighted the current interpretation of 
knowledge pertaining to visual sampling impairment in PD compared to older 
adults. The review also informed the research design and methodology used 
within this thesis to investigate saccade frequency during gait in PD and controls.  
3.2. Introduction 
Advancements in eye-tracking technology have enabled visual sampling to be 
monitored during real-world activity (e.g. gait, obstacle crossing, reaching and 
driving). This progress is vital as visual sampling is a critical feature of motor 
control, which may depend on task specific goals (Marigold and Patla, 2007). For 
example: during locomotion over even ground in healthy control subjects long 
fixation durations are not necessarily required, yet saccadic frequency, amplitude 
and duration of fixations increase in healthy subjects when walking over uneven 
terrain (Land, 2006; Patla and Greig, 2006). Eye-tracking technology has been 
used to further understand the visual strategies of PD subjects since the 1960’s 
(Terao et al., 2011; van Stockum et al., 2012). However until recently most 
research using eye-trackers involved small sample sizes (Anderson and 
MacAskill, 2013). Similarly most PD studies of visual sampling are limited to static 
examination of eye movements alone or involve simple single-segment motor 
tasks (e.g. mouse clicks). Of the PD studies investigating visual sampling during 
real-world activity, a wide range of protocols have been used indicating a lack of 
standardisation, which limits interpretation. Investigators who want to conduct 
similar research are left with the choice between numerous protocols, which differ 
in many respects. In the process of developing robust protocols it is often helpful 
to have evidence-based recommendations. This review therefore examined 
                                            
2 This study has been published in the Journal of Neuroscience methods; Stuart et al. (2014a) 
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previous work that assessed visual sampling during real-world activities in PD 
and control participants, in order to provide some guidance regarding the 
selection of appropriate methodology. 
This review focused on the following: 1) visual sampling instrumentation used 
during real-world activities involving both PD and controls; 2) commonly reported 
visual sampling outcomes; 3) PD specific influences on these visual outcomes; 
and, 4) recommendations concerning protocol. For the purpose of this review a 
real-world activity was considered to be a goal-orientated motor task, which 
involved more than one body segment (such as walking, reaching, turning etc.). 
3.3. Methods 
3.3.1. Search Strategy 
The key terms were “Parkinson’s disease”, “visual sampling” and “motor task”. A 
list of synonyms was created for each key term (Figure 3-1). Key terms were 
matched and exploded with medical subject headings (MeSH) in each separate 
database where appropriate. Databases searched included Medline (from 1950), 
Embase (from 1974), PsychInfo (from 1806), Scopus, Web of Knowledge (from 
1900), PubMed (from 1950) and the Cochrane library (from 1800) to February 
20133. Studies were relevant if they incorporated terminology which focused on 
visual sampling during a real-world activity in both PD and healthy control 
subjects in the title, abstract or keywords. Articles with titles related to ‘sleep’, 
‘monkeys’, ‘rats’ and ‘hallucinations’ were excluded using separate key terms.  
An initial title screen for relevant articles was performed by the reviewer (Sam 
Stuart; SS) once the searched database results had been combined. After the 
initial title screen, both the titles and abstracts of the selected articles were 
reviewed by two independent reviewers (SS and Dr Lisa Alcock). A review of the 
full text was required if it was not clear from the title or abstract whether the study 
met the review criteria.   
 
 
                                            
3 Since this period another relevant study has been published; Vitorio et al. 2014, which has been added to 
the tables and review body  
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3.3.2. Inclusion and Exclusion Criteria 
Articles were included if they reported use of a measurement instrument to 
quantify visual sampling (saccades and fixations) during performance of a real-
world activity. Studies were included only if they tested a control cohort for 
comparison with PD cohorts so that PD-specific differences could be identified. 
Whereby articles included another clinical cohort (i.e. progressive supranuclear 
palsy), or an additional static visual task, only the data relating to PD and control 
cohorts whilst sampling the visual environment during a real-world activity was 
reviewed.     
Articles were excluded if they involved simple motor tasks relying on single-
segment movement (such as; button pressing with a finger or wrist 
flexion/extension only) as they were not considered real-world activities. Visual 
tracking studies were excluded as they primarily involve smooth pursuit eye 
movements, and only saccades and fixations were reviewed. Only articles written 
in English were considered for review and any abstracts, case studies, reviews, 
KEY TERMS 
Parkinson’s disease: "parkinson*" TITLE-ABS-KEY 
Visual sampling: (“vision” OR “visuomotor” OR “gaze” OR “visuospatial” OR "eye 
movement" OR "ocular motor" OR "ocular movement" OR "oculomotor" OR 
"sensorimotor" OR "visual movement" OR "visual behaviour" OR "visual behavior" 
OR "orientat*" OR “attention” OR "saccad*" OR “eye track*” OR “visual sampling” 
OR “visual search” OR “visual field” OR “visual exploration” OR “oculo motor” OR 
“ocularmotor”) TITLE-ABS-KEY 
Motor task: ("gait" OR "locomot*" OR "abulat*" OR "walk*" OR "move*" OR 
"motor*" OR "hand" OR "reach*" OR “grasp” OR "turn*" OR "leg" OR "arm" OR 
"motor control" OR "motor co-ordination" OR “driv*” OR “prehension” OR “motor 
activity” OR “motor performance” OR “mobilization”) TITLE-ABS-KEY 
NOT (“sleep*” OR “monkey*” OR “rat*” OR “hallucination”) TITLE 
(‘*’ indicates a wildcard and ‘TITLE-ABS-KEY’ indicates a title, abstract and 
keyword search). 
 
Figure 3-1 - Search strategy used to screen for relevant articles included in this review. 
This illustrates the three key terms used for this review and the synonyms used for each 
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commentaries, discussion papers, editorials or conference proceedings were 
excluded. 
3.3.3. Data Extraction 
Data was extracted by the reviewer (SS) using a custom form to support 
standardised extraction. Data was synthesised into table format by the reviewer 
(SS) and a second reviewer (Dr Lisa Alcock) confirmed the entered data (Tables 
3-1, 3-2 and 3-3). Data included demographic, visual sampling and motor task 
measurement instruments, visual sampling outcomes, study protocol and key 
findings. 
3.4. Results 
3.4.1. The Evidence Base 
The search strategy yielded 2814 articles, excluding duplicates (Figure 3-2; 
Adapted from (Moher et al., 2009)). An initial screening resulted in 287 articles of 
interest of which 14 were identified for inclusion by the first reviewer (SS) and 20 
by the second reviewer (Dr Lisa Alcock), with 6 disagreements. A consensus was 
made for inclusion of 16 articles for review after consultation with the third 
reviewer (Dr Sue Lord).  
Reasons for exclusion were: performance of a simple motor task (n=3) (Shimizu 
et al., 1981; Weinrich and Bhatia, 1986; Yoshida et al., 2005); not including a 
healthy control group (n=1) (Inzelberg et al., 2008); and, eye movement data 
removed as artefact of electroencephalogram (EEG) data (n=1) (Tropini et al., 
2011). The majority of screened studies (n=220) were excluded because they 
were either not relevant or did not provide a quantitative measurement of visual 
sampling (e.g. restricted vision). Of the title screened studies that used a 
quantitative visual sampling measure, 47 were excluded for not meeting inclusion 
criteria (Appendix 1.0; Supplementary data 1). 
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Figure 3-2 - PRISMA flow chart of study design. This illustrates the yield of the 
search strategy at each stage of the study selection process 
 
3.4.2. Participants 
The reviewed articles (n=16) investigated controls with a mean age of 63.9 (±7.5) 
years. One article (Uc et al., 2006) did not report control demographics. The 
mean age of the PD subjects was 63.8 (±8.2) years. Both male and female 
participants were recruited to the majority of the studies, although one study (Lee 
et al., 2012b) did not report gender characteristics. Generally, PD participants 
were assessed when they were ‘ON’ medication, and one study (Sacrey et al., 
2011) assessed PD subjects both ‘ON’ and ‘OFF’ medication.  
3.4.3. Reliability and Validity 
Of the articles reviewed, none commented upon the validity and reliability of the 
instrumentation used. One study assessed inter-rater reliability (Uc et al., 2006), 
reporting a 95% agreement between examiners using the ‘Landmark and Traffic 
Sign Identification Task’. Similarly, there was a lack of detail reported about the 
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manufacturers specification of the equipment used. Two studies (Lee et al., 
2012b; Marx et al., 2012) provided the manufacturer specifications regarding the 
precision and degree of accuracy of their eye-tracking devices, but provided no 
evidence to substantiate this information.  
3.4.4. Instruments  
Visual sampling was measured using a variety of instruments in the reviewed 
articles, which depended upon the movement evaluated. For example; activities 
which involved head movement or the need for wireless equipment (e.g. walking, 
driving, turns-in-place) used mobile devices such as head-mounted eye-trackers, 
camcorders or electrooculography (EOG). Whereas other studies which restricted 
head movement (via a chin rest) used EOG or a desk-mounted infra-red eye 
tracker. Fifteen articles described various biomechanical instruments: head-
mounted eye-trackers (e.g. infra-red and video-oculography) (n=6); EOG (n=7); 
2D video camcorders (n=2); and a static infra-red eye-tracker (n=1). The 
temporal resolution used to sample eye tracking data was found to vary 
considerably, even when using similar devices (frequency range = 30-1000 Hz, 
see Table 3-1).   
Only one study did not measure visual sampling directly (Uc et al., 2006), and 
instead used a quantitative performance-based test called the ‘Landmark and 
Traffic Sign Identification Task’ (LTIT), which had been used with stroke patients 
and Alzheimer’s subjects previously (Uc et al., 2005a). The LTIT requires 
subjects to visually sample (via saccades (McPeek et al., 2000)) the environment 
and locate (and fixate on) specific landmarks/traffic signs during driving resulting 
in an visual sampling score (PD = 47.8% and control = 58.7%). 
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Table 3-1 - Participant characteristics, PD diagnosis, motor task, visual sampling instrument and motor task instrument of the 
reviewed studies 
Author Participants PD Diagnosis Motor Task Visual Sampling 
Instrument 
Motor task 
Instrument 
(Anastasopoul
os et al., 2011) 
10 idiopathic PD (aged 58.3 + 11 years) 6 
males, 4 females 
10 Control (aged 52 + 2.6 years) (from a 
previous study) 
H & Y I n = 4, H & Y II n = 6 
Disease duration: range 1-9 years 
Turning in place EOG sampling at 
240 Hz  
3D motion analysis  
(Desmurget et 
al., 2004a) 
Study 1 - 7 PD (aged 56 + 11 years) 3 
males, 4 females 
7 Control (aged 53 + 7 years) 4 males, 3 
females 
Study 2 - 5 PD (aged 46 ± 8 years) 2 males, 
3 females 
5 Control (aged 55 ± 10 years) 2 males, 3 
females 
Study 1 and 2 combined 
H & Y II n=5*, H & Y III n=4, H & Y 
IV n=3 
* One patient was classified as H & 
Y 2.5 
Disease duration: range 6-17 years 
Seated 
reaching task 
EOG sampling at 
1000 Hz  
  
Finger movements 
were recorded using a 
magnetic tracking 
system  
(Galna et al., 
2012) 
21 idiopathic PD (aged 67.6 + 9.9 years) 14 
males, 7 females 
12 Control (aged 67.4 + 8.7 years) 5 males, 
7 females 
H & Y I n = 1, H & Y II n = 13, H & 
Y III n = 7  
Disease duration: 46.3 + 50.9 
months 
Walking and 
turning (through 
a doorway)  
EOG sampling at 
1000 Hz  
3D motion analysis  
(Heremans et 
al., 2012) 14 PD (aged 59.1 ± 9.6 years) 9 males, 5 
females. 
14 Control (aged 61.1 ± 6.6 years) 8 males, 
6 females. 
H & Y I n = 5*, H & Y II n = 5, H & 
Y III n= 4 
* One patient was classified as H & 
Y 1.5 
Disease duration: range 0.5-17 
years 
Upper limb 
tasks 
EOG sampling at 
1024 Hz  
A chin rest restricted 
head movements 
EMG of the forearm 
sampling at 1024Hz  
 
(Lee et al., 
2012b) 
2 PD (aged 56 and 59 years, driving history 
of 37 and 40 years, respectively) and 6 
Control (aged 49.8 ± years) 
56 year old PD: H & Y: 1.7, 
Disease duration: 4 years 
59 year old PD: H & Y: 1.9, 
Disease duration: 6 years 
Driving task 
(simulator) 
Mobile infra-red eye 
tracker sampling at 
60 Hz  
NR 
(Lohnes and 
Earhart, 2011) 
23 idiopathic PD; 
90 degree turn: n = 22 (aged 68.7 + 10.2 
years), 14 males, 8 females * 
180 degree turn: n = 20 (aged 68.6 + 10.8 
years), 13 males, 7 females * 
Freezers (n=8), Non-freezers (n=12) 
19 Control (68.8 + 11.4) 11 males, 8 
females 
* Data for the 90 degree turn (n = 1) and 
180 degree turn (n = 2) was omitted due to 
poor oculomotor data quality 
Numbers represent those for 
90(180) degree turns 
H & Y I n = 1(1), H & Y II n = 
19(17)*, H & Y III n = 2(2) 
* 10 of the participants in H & Y II 
were classified as H & Y 2.5 
Disease duration: 90 degree turn: 
7.4 + 5.8 years 
180 degree turn: 6.8 ± 5.6 years 
Turning in place Mobile eye tracker 
sampling at 360 Hz 
 
EOG sampling at 
1000 Hz used as a 
secondary measure 
if unable to get data 
from eye tracker 
3D motion analysis  
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(Marx et al., 
2012) 11 PD (aged 65.5 + 12.7 years) 8 males, 3 
females 
(2 PD were wheelchair-bound) 
10 Control (aged 68.3 + 9.1 years) 4 males, 
6 females 
H & Y I n = 2, H & Y II n = 3, H & Y 
III n = 6 
Disease duration: 6.2 + 4.7 years 
Walking  
 
Mobile video 
oculography, gaze 
and head videos 
were sampled at 25 
Hz and eye 
movements at 300 
Hz  
Head movements 
extracted via a fixed 
head camera and two 
high-speed cameras 
(Muilwijk et 
al., 2013) 
15 early stage PD (aged 61.1 + 8.4 years) 
10 males, 5 females 
15 age-matched Control (aged 56.0 + 6.4 
years) 6 males, 9 females 
H&Y ranged between I and II 
Disease duration: 3.7 + 2.4 years 
Eye-hand co-
ordination 
during a 
computer based 
task 
Static infra-red eye 
tracker sampling at 
200 Hz  
3D motion analysis of 
upper limbs sampling 
at 200 Hz  
Touch screen sampling 
at 60 Hz   
(Sacrey et al., 
2009) 
8 mild PD (< 2.5 H&Y) (aged 63.9 + 8.3 
years) 2 males, 6 females 
7 advanced PD (> 2.5 H&Y) (aged 75.0 + 
6.7 years) 4 males, 3 females 
15 older adults Control (aged 62.8 + 7.52 to 
81.7 + 5.0) 7 males, 8 females 
11 young adult Control (aged 22.3 + 3.9) 7 
males, 4 females 
H & Y I n = 2*, H & Y II n = 9**, H & 
Y III n = 1, H & Y IV n = 2 
* One patient was classified as H & 
Y 1.5 
** Three patients were classified as 
H & Y 2.5 
Disease duration: NS 
Seated 
reaching task 
Mobile infra-red eye 
tracker sampling at 
60 Hz  
Digital video camera 
recorded sagittal plane 
motion at 500 Hz. Data 
were digitised using 
Peak Motus  
(Sacrey et al., 
2011) 
8 PD (aged 70.3 + 6.8 years) 6 males, 2 
females 
8 Control (aged 69.0 + 5.78 years) 3 males, 
5 females 
H & Y I n = 4*, H & Y II n = 2**, H & 
Y III, n = 2 
* Three patients were classified as 
H & Y 1.5 
** One patient was classified as H 
& Y 2.5 
Disease duration: NS 
Seated 
reaching task 
Mobile infra-red eye 
tracker sampling at 
30 Hz  
Digital video camera 
recorded sagittal plane 
motion at 30 Hz. Data 
were digitised using 
Peak Motus  
(Uc et al., 
2006)   
79 PD (aged 66.0 + 8.6) 64 males, 15 
females 
151 Control (aged 65.3 ± 11.5 years), 75 
males, 76 females 
Mean H & Y: 2.1 ± 0.7 
Disease duration: 5.6 ± 5.0 years 
Driving task Landmark and traffic 
sign identification 
test (LTIT)  
 
ARGOS (Automobile 
for Research in 
Ergonomics and 
Safety) instrumented 
vehicle composed of 
hidden instrumentation 
and motion sensors. 
Miniature cameras 
mounted inside the 
vehicle sampling at 30 
Hz 
(Ventre-
Dominey et 
al., 2001) 
6 PD (aged 55.0 + 10 years) 3 males, 3 
females 
9 Control (aged 53.5 + 8.4 years) 5 males, 
4 females 
H & Y I n = 4*, H & Y II n = 2 
* All four patients were classified 
as H & Y 1.5 
Disease duration: 4.8 + 2.1 years 
Repetitive 
pointing task 
EOG: Signals were 
filtered at 40 Hz and 
then digitised using a 
sampling frequency 
of 250 Hz  
Touch-sensitive screen 
sampling at 1 kHz  
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(Ventre-
Dominey et 
al., 2002) 
9 PD (aged 54.9 + 10.5 years) 6 males, 3 
females 
A subgroup of 6 PD participants were 
assessed   for both separate and coupled 
eye and hand movement: 6 PD (aged 55.0 
+ 10 years) 3 males, 3 females 
9 Control (aged 53.5 + 8.4 years) 5 males, 
4 females 
PD cohort (n = 9) 
H & Y I n = 7*, H & Y II n = 2 
* Six patients were classified as H 
& Y 1.5 
Disease duration: PD cohort (n = 
9) – 4.1 ± 2.1 years 
Sub-group (n = 6) – 4.8 ± 2.1 years 
Repetitive 
pointing task 
EOG: Signals were 
filtered at 40 Hz and 
then digitised using a 
sampling frequency 
of 250 Hz 
Touch-sensitive screen 
sampling at 1 kHz  
(Vitorio et al., 
2012) 
12 idiopathic PD  (aged 69.8 + 5.72 years), 
8 males, 4 females12 Control (aged 69.6 + 
6.04 years), gender not stated for control 
cohort 
 
 
 
H & Y I n = 10*, H & Y II, n = 2** 
*5 were classed as H & Y 1.5,  **1 
was classed as H & Y 2.5 
Disease duration: NS 
Self-paced 
walking under 3 
visual 
conditions: 
(i) dynamic 
(normal 
lighting), (ii) 
static (static 
visual samples), 
(iii) voluntary 
visual sampling 
Liquid crystal glasses 
for manipulation of 
vision  
Camcorder sampling 
at 60 Hz 
 
3D referencing system 
and a force plate 
sampling at 200 Hz  
(Vitorio et al., 
2013) 12 idiopathic PD (aged 69.8 + 5.72 years), 
8 males, 4 females 
12 Control (aged 69.6 + 6.04 years) , 
gender not stated for control cohort 
H & Y I n = 10*, H & Y II n = 2**  
*5 were classed as H & Y 1.5, **1 
was classed as H & Y 2.5, Disease 
duration: NS 
Walking and 
obstacle 
crossing 
Liquid crystal glasses 
for manipulation of 
vision  
Camcorder sampling 
at 60 Hz 
 
Two digital camcorders 
with 3D referencing 
system. 
(Vitorio et al., 
2014) 
19 idiopathic PD (aged 64.79 ± 9.27 years) 
15 Control (aged 66.8 ± 7.71 years) 
(*Only 14 PD and 12 Control included in 
visual sampling analysis due to data drop 
out) 
UPDRS-III score = 24.33 ± 8.5 
 
Walking with 
and without 
visual cues 
(transverse 
lines to step on) 
Mobile infra-red eye-
tracker sampling at 
30 Hz 
Optotrak wireless 
system 120Hz 
[NR: Not Reported, EOG: Electro-oculography, H&Y: Hoehn and Yahr, PD: Parkinson’s disease, control: Healthy older adult, Data are presented as means ± standard deviation unless otherwise stated] 
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Table 3-2 - Inclusion and exclusion criteria, study aims, research design and outcome measures 
Author Inclusion Criteria Exclusion Criteria Design and Aims                                               Test Protocol Visual outcome 
definition 
(Anastasopoulos 
et al., 2011) 
- ‘ON’ medication (2hrs prior) 
- All were right side dominant 
- Cohort were physically fit 
- None of the cohort wore 
spectacles 
Experimental - To assess whether 
hypometric saccades are 
secondary to low head movement 
velocity in PD 
Turns-in-place from standing to 
visual (LED) cues placed at 45, 90, 
135 and 180 degrees. 
NR 
(Desmurget et 
al., 2004a) 
All participants were: 
- Right handed 
- Absence of dementia and any 
other neurological disorders (other 
than PD for the PD cohort) 
- No signs of tremor 
- PD’s were tested ‘OFF’ 
medication (12hr withdrawal) 
NR Experimental - To investigate the 
process of on-line motor correction 
in PD patients. 
2 conditions:  
Relevant to this review was a 
seated upper-limb task 
 
 
A single saccade 
was defined as an 
eye movement 
occurring >50°/sec 
(Galna et al., 
2012) 
- Able to walk independently without 
an aid 
- Adequate vision, hearing and 
language skills to comply with 
testing and provide a fully informed 
consent 
- Dementia (MOCA <17) 
- Dyskinesia, vision or hearing 
impairment 
- Moderate or severe tremor 
- No confounding co-morbidity 
(cardiovascular disease) 
Exploratory - To compare 
saccade frequency and timing in 
PD and control while walking 
through environments of differing 
complexity under single and dual 
task. 
4 walking conditions 
- Straight walk single task 
- Straight walk dual task 
- Turn single task 
- Turn dual task 
NR 
(Heremans et al., 
2012) 
- PD diagnosed by a neurologist 
using the Brain Bank Criteria 
 - PD participants were assessed 
‘ON’ medication 
 
- MMSE <24 
- Severe tremor 
- Any neurological comorbidity 
- Unpredictable motor 
fluctuations 
- Eye movement abnormalities 
- Severe orthopedic problems 
of the upper limb 
- Receiving treatment with 
deep brain stimulation (PD 
only) 
Experimental - To investigate 
whether cues (visual, auditory) 
positively affect mental imagery 
performance in PD patients. 
 
Relevant to this review was a 
seated upper limb task 
PD subjects performed the tasks 
with their most affected side. 
Control did it side-matched. Head 
movement restricted with a chin 
rest. 
Fixations were 
defined as stable 
gaze maintained for 
>100ms. 
Eye movements 
included 1 single 
primary saccade 
and 1 or more 
corrective 
saccades. 
(Lee et al., 
2012b) 
All participants wore corrective 
spectacles 
NR Experimental - To assess the 
reliability of driving assessments 
made from the back seat by two 
occupational therapists  
Subjects drove a fixed route in a 
computer-based driving simulator.  
 
 
(Lohnes and 
Earhart, 2011) 
Common criteria 
- Aged 30 years or older 
- Normal central and peripheral 
neurological function (excluding PD 
participants) 
- Able to stand independently for at 
least 30mins 
Walk independently without 
assistive device 
- No history of vestibular disease 
- Any serious medical 
condition other than PD 
- Use of neuroleptic or other 
dopamine-blocking drugs 
- Use of  medication known to 
affect balance (eg. 
benzodiazepines) 
- Evidence of abnormality on 
brain imaging  
- Other neurological deficits 
Experimental - To determine 
whether saccadic activity is 
impaired whilst turning in PD.  
Turns-in-place from standing to 
90 and 180 degrees, right and left. 
No visual or auditory cues were 
provided.  
 
 
A single saccade 
was  defined as an 
eye movement 
occurring >30°/sec 
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- No evidence of dementia  
PD only 
- ‘OFF’ dopaminergic medication  
- Diagnosis of definite PD by 
neurologist  
(stroke or muscle disease) 
- Surgical management of PD 
(DBS or pallidotomy) 
(Marx et al., 
2012) 
- Clinically probable PD 
- No history of alcohol or substance 
abuse 
- Free from neurologic, systemic, or 
psychiatric disorder (other than PD 
for those participants) 
- PD participants were tested ‘ON’ 
medication  
- Neurological disorders 
- Dementia (MMSE <24) 
- Any presently active 
psychiatric disorder  
- Any structural brain lesion, 
cataracts or other neuro-
ophthalmological disorder 
- Visual correction by glasses 
as glasses cannot be worn 
with the eye tracker 
Experimental - To establish 
mobile eye tracker usage in PD, 
control and Progressive supra-
nuclear palsy cases and validate 
its power to discriminate eye 
movements between these groups  
2 tasks:  
Relevant to this study was a 
walking condition. 
 
 
A single saccade 
was  defined as an 
eye movement 
occurring >60°/sec 
(Muilwijk et al., 
2013) 
- >45 years old 
- had normal cognitive function 
- were classified as having mild PD 
(PD cohort only; < 2.5 H&Y) 
- PD patients were tested ‘ON’ 
medication 
- Dyskinesia 
- Coexistence of other 
neurological or psychiatric 
disorder 
- History of ocular pathology 
Experimental - To quantify 
visuomotor coordination in early-
stage PD patients 
4 seated upper-limb tasks.  
Head movement restricted via chin 
rest. 
A single saccade 
was defined as an 
eye movement  
occurring >50°/sec 
(Sacrey et al., 
2009) 
All were required to have normal or 
corrected to normal (contact lens) 
vision 
Control’s self-reported good health 
and had no history of neurological 
disorder 
PD’s were required to be ‘ON’ 
medications 
NR Experimental – To investigate the 
effect of music (auditory cue) on 
sensory and motor impairments 
(during reaching task) 
3 seated upper-limb conditions 
 
 
NR 
(Sacrey et al., 
2011) 
Common criteria:  
Normal or corrected to normal 
(contact lens) vision 
Control’s only: No history of 
neurological disorder  
PD only: Diagnosis of PD by 
experienced neurologist  
NR Experimental - To investigate the 
effects of music and medication on 
sensory control in PD (sensory 
monitoring and shifts during reach 
to eat task) 
A seated upper-limb task 
PD participants were tested both 
‘ON’ (1.5hr prior) and  ‘OFF’ (12hr 
withdrawal) medication 
NR 
(Uc et al., 2006) - Independently living and held a full 
and valid driver’s license 
PD only: 
- Driving experience of at least 
10years 
 
- Cessation of driving before 
assessment 
- Acute illness or confounding 
medical conditions (vestibular 
disease) 
- Alcoholism or other 
substance abuse  
- Other neurological disease 
leading to dementia  
- Concomitant treatments 
- Treatment with 
investigational medication 
- Major psychiatric disorder  
Experimental -  
1. To assess visual search using 
the landmark and traffic sign 
identification task (LTIT) while 
driving 
2. To assess whether PD drivers 
make more safety errors as a 
result of the increased cognitive 
load imposed by the LTIT 
3. To determine whether 
performance on the LTIT and 
safety errors could be accurately 
estimated by the measures (visual, 
A driving assessment in a car on 
the road 
 
PD participants were tested whilst 
‘ON’ medication.  
 
All participants underwent a visual 
and cognitive testing battery that 
incorporated tests of visual 
functions (contrast sensitivity and 
both near and far visual acuity) and 
visual perception. 
No specific 
saccadic or fixation 
outcomes were 
assessed 
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[NR denotes not reported] 
- Ocular disease with normal 
or corrected visual acuity less 
than 20/50 
cognitive and motor) known to 
decline in PD   
(Ventre-Dominey 
et al., 2001) 
- All participants were right handed 
PD’s were tested ‘ON’ medication 
and displayed asymmetric akinetic-
rigid syndrome  
Controls had no history of 
neurological or ophthalmological 
disorders 
NR Experimental - To investigate the 
role of the basal ganglia in eye-
hand co-ordination (repetitive 
pointing) 
A seated upper-limb task.  
Head movements were restricted 
via chin rest.  
 
NR 
(Ventre-Dominey 
et al., 2002) 
PD only:  
- Tested ‘ON’ levodopa medication 
- Asymmetric akinetic-rigid 
syndrome  
- Diagnosis of PD (UK Brain Bank 
Criteria) 
Controls had no history of 
neurological or ophthalmological 
disorder 
NR Experimental - To investigate 
predictive saccades without hand 
pointing. 
Then investigate predictive 
saccade and pointing performance 
in an eye–hand coordination 
condition 
A seated upper-limb task (same as 
that described in (Ventre-Dominey 
et al., 2001)) under two conditions: 
with and without visual stimulus. 
Head movements were restricted 
via chin rest  
NR 
(Vitorio et al., 
2012) 
- Walk independently 
- Cognitively intact  
- No history of neurological, 
musculoskeletal or 
cardiorespiratory disease (other 
than PD for the PD cohort) 
PD’s were tested ‘ON’ medication. 
No PD participants 
experienced freezing of gait 
Experimental - To investigate the 
role of visual information and 
locomotor control in people with 
PD. 
2 walking conditions 
 
Participants wore liquid crystal 
glasses that manipulated visual 
input. Glasses were either opaque 
or transparent. 
No specific 
saccadic or fixation 
outcomes were 
assessed. 
 
(Vitorio et al., 
2013) 
PD and control cohorts were 
matched for age, body height, body 
mass and gender  
- Walk independently 
- No cognitive, neurological, 
musculoskeletal or 
cardiorespiratory impairments  
PD participants were assessed ‘ON’ 
medication (1hr prior) 
NR Experimental - To investigate the 
role of visual information on 
locomotor control in PD as they 
negotiated obstacles 
3 walking conditions (under static 
and voluntary visual sampling) 
 
Participants wore liquid crystal 
glasses that manipulated visual 
input. Glasses were either opaque 
or transparent.  
No specific 
saccadic or fixation 
outcomes were 
assessed. 
 
(Vitorio et al., 
2014) 
PD diagnosis from at least one 
neurologist, and have gait 
impairment (slowness, hypo-metric 
step or shuffling). 
At least one of the gait portion of 
the UPDRS-III 
PD participants were assessed ‘ON’ 
medication (1hr prior) 
No cognitive (at least 27 on 
MMSE), neurological, 
musculoskeletal or 
cardiorespiratory impairments. 
Freezers were excluded 
 
Experimental - To investigate the 
role of visual information on gait 
and gait improvements in PD as 
they used a visual cue, looking at 
step accuracy and precision 
3 walking conditions  
 
Participants wore a wireless mobile 
eye-tracker (30Hz) to record eye 
movement. 
NR 
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Table 3-3 - Summary of the previously reported visual sampling outcomes and PD impairments during real-world activities  
 Saccade Fixation Visual sampling 
             Visual  
        Outcome 
 
Motor  
Task 
Velocity Direction Duration Frequency Latency Amplitude Duration Frequency Saccades and Fixations 
Frequency Duration 
Gait  (↑)  (-)  (↑)  (↓) NR  (↑) NR NR  (↓)  (↓) 
Obstacle 
crossing 
NR NR NR NR NR NR NR NR  (↓)  (↓) 
Visual cue NR NR NR NR NR NR  (↑)  (↑) NR NR 
Turning in 
place 
 (↓) NR NR  (↑)  (↓)  (↓) NR NR NR NR 
Upper-limb 
tasks 
 (↓) NR  (↑) NR  (↑)  (↓) NR NR NR NR 
Driving NR NR NR NR NR NR NR  (↓)  (↓) NR 
[✓= Reported outcome for both PD and Control, NR denotes not reported, ‘↓‘ indicates PD subjects less than Control, ‘↑’ indicates PD subjects more than Control, ‘-‘ indicates no difference 
between PD and Control]   
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3.4.5. Outcome measures  
The majority of the studies provided no visual outcome (saccade and fixation) 
definitions. Five studies (Desmurget et al., 2004a; Lohnes and Earhart, 2011; 
Heremans et al., 2012; Marx et al., 2012; Muilwijk et al., 2013) did provide 
outcome definitions, but definitions varied between studies. Thirteen studies 
specified the visual sampling outcome variables obtained, which often involved 
saccade or fixation measurements (such as saccade frequency, duration, 
velocity, amplitude, latency, fixation frequency and duration, Table 3-2). Three 
studies (Uc et al., 2006; Vitorio et al., 2012; Vitorio et al., 2013) reported overall 
visual sampling (i.e. combined saccade and fixation measurement). However, 
Table 3-3 demonstrates that many saccadic and fixation outcomes were not 
reported in the reviewed studies, likely because they were not deemed relevant 
to the study.  
3.4.6. Interpretation of outcomes 
The influence of PD on visual sampling outcomes was inconsistent likely due to 
the small sample sizes, with several studies reporting non-significant differences 
between PD and control subjects (Ventre-Dominey et al., 2002; Anastasopoulos 
et al., 2011; Marx et al., 2012; Vitorio et al., 2012; Vitorio et al., 2013). PD-
specific visual sampling outcomes were impaired during all of the real-world 
activities compared to control participants (summarised in Table 3-3). These 
differences appeared to be task-dependant with several visual sampling outcome 
measures (i.e. saccade frequency, amplitude and velocity) changing according to 
task demand. For example, during level gait, PD subjects made larger, faster but 
less frequent saccades in comparison to control (Galna et al., 2012; Marx et al., 
2012). However, during other tasks (e.g. upper-limb tasks and turns-in-place) 
these related outcomes were oppositely impaired (i.e. reduced saccade velocity 
and amplitude and increased frequency) (Ventre-Dominey et al., 2001; Ventre-
Dominey et al., 2002; Desmurget et al., 2004a; Sacrey et al., 2009; 
Anastasopoulos et al., 2011; Lohnes and Earhart, 2011; Sacrey et al., 2011), 
illustrating a selective effect of impairment. 
Notable methodological limitations were found. Relationship between visual 
sampling and PD motor (i.e. FOG), cognitive and visual deficits was assessed in 
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four of the reviewed studies (Uc et al., 2006; Lohnes and Earhart, 2011; Galna et 
al., 2012; Lee et al., 2012b), however the majority did not report or control for 
cognition or visual function (VA and CS). Many studies either excluded or did not 
assess for cognition (Desmurget et al., 2004a; Sacrey et al., 2009; Lohnes and 
Earhart, 2011; Marx et al., 2012; Vitorio et al., 2012; Vitorio et al., 2013; Vitorio et 
al., 2014). Two studies (Uc et al., 2006; Galna et al., 2012) assessed visual 
function and several studies did not include participants who wore glasses 
(Sacrey et al., 2009; Anastasopoulos et al., 2011; Sacrey et al., 2011). Two 
studies (Sacrey et al., 2009; Sacrey et al., 2011) reported including contact lens 
wearers, most likely because contact lenses do not affect measurement tools, 
such as optical eye-trackers, to the same extent as glasses.  
3.5. Discussion   
This structured review examined 16 studies reporting visual sampling in PD and 
older adult subjects during real-world activities. Explicitly reviewing; (i) how visual 
sampling was measured; (ii) the specific outcomes assessed and how they were 
defined; and (iii) the differences reported between PD and control subjects in 
these outcomes during real-world activities. This review has demonstrated that 
the measurement of visual sampling during real-world activities in PD is 
emerging, but further work is warranted to establish the validity and reliability of 
visual sampling instrumentation, and the nature of task-dependent visual 
sampling impairments in PD.  
3.5.1. Instruments 
Several studies have shown progression from constrained seated activities (e.g. 
chin rest in place and pointing on a computer screen) to unconstrained real-world 
activities (e.g. walking or driving), which was achievable only by using mobile 
visual sampling instrumentation (Land, 2006; Lohnes and Earhart, 2011; Marx et 
al., 2012; Vitorio et al., 2014). However, the progression from constrained to 
unconstrained mobile instrumentation came at the cost of reduced temporal 
resolution, illustrating the trade-off between mobility and accuracy. Mobile eye-
trackers generally have temporal resolutions of 30-60Hz, whereas static devices 
have higher resolutions of 200-1000Hz. This impacts on instrument validity, as 
saccade velocity based algorithms require at least a 50Hz system to accurately 
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detect a saccade and 200Hz to accurately measure saccade durations 
(Holmqvist and Nystrom, 2011). Importantly, clear evidence of validity and 
reliability of instrumentation is essential for confidence in these measures we 
found this was not adequately addressed with only one study (Uc et al., 2006) 
examining this and two studies (Lee et al., 2012b; Marx et al., 2012) providing 
inadequate information. Many studies used EOG, which permits data collection 
during unconstrained tasks at a high temporal resolution (200-1000Hz). However, 
inaccuracy with EOG measurements/data have been reported, especially for the 
detection of small corrective saccades (<2°) (Desmurget et al., 2004a), which 
may be important as healthy adults have been shown to undershoot targets by 
<2° at visual angles of >10° (Robinson et al., 1993). Similarly, EOG limits visual 
sampling characteristic selection (Galna et al., 2012), as no spatial data is 
collected and only horizontal saccades can be accurately obtained (with eye-lid 
movement significantly affecting vertical saccades) (Wilson et al., 1992). 
Therefore, both these issues must be considered when using mobile eye-tracking 
equipment or reporting EOG measurements alone.    
In the absence of a ‘gold standard’ instrument it may be prudent to use a 
combination of devices, such as EOG and infra-red eye-tracking, to obtain the 
high temporal resolution and spatial outcomes required. EOG and mobile infra-
red eye-tracking are reported to have ‘exceptional’ comparison during horizontal 
saccades, although this was not quantified (Lohnes and Earhart, 2011). 
Reporting the reliability and validity of eye-tracking methodologies is advocated 
due to the internal (e.g. parallax (Pelz  and Canosa, 2001) and calibration error 
(Pelz  and Canosa, 2001; Nystrom et al., 2013)) and external (e.g. head 
movement (Marx et al., 2012)) influences upon eye-tracking. Overall the review 
findings indicate the need for reporting the reliability and validity of the 
instruments used to measure visual sampling during real-world tasks.  
3.5.2. Outcomes   
Visual outcome results from small cohorts may not be an accurate representation 
of the general population and furthermore create a lack of statistical power and 
inconsistency in findings. This was evident in this review with many non-
significant outcomes reported by studies with small participant numbers (Table 3-
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1 and Appendix 2.0; Supplementary data 2). For example; Galna et al. (2012) 
stated that visual sampling frequency was decreased in PD (n=21) compared to 
control when walking, while Vitorio et al. (2012) stated that it was similar (n=12) 
even though they found a non-significant decrease in visual sampling frequency. 
Since 2011, sample sizes have increased coinciding with the use of mobile eye-
tracking devices (Table 3-1), which offer relatively quick data acquisition and 
analysis.   
Currently, there are no gold-standard algorithms/definitions for the detection of 
visual outcomes (Nystrom and Holmqvist, 2010) or for reporting visual outcome 
measures. This may explain why many of the reviewed studies (Ventre-Dominey 
et al., 2001; Ventre-Dominey et al., 2002; Sacrey et al., 2009; Anastasopoulos et 
al., 2011; Sacrey et al., 2011; Galna et al., 2012) did not provide definitions for 
visual outcomes reported. As a result, velocity thresholds for saccades vary 
hugely in eye movement literature from 30°/sec (Chan et al., 2005; Chen et al., 
2010) to 350°/sec (Beenen et al., 1986), but usually range from 30-100°/sec 
(Holmqvist and Nystrom, 2011, pp. 152). Depending upon the thresholds set for 
outcome detection, valuable information may be discarded or irrelevant data 
included. For example, a velocity-based algorithm with a 130°/sec threshold will 
detect saccades over 3° (Duchowski, 2007), and below this threshold, data would 
be classed as a fixation. However, depending on the specific aims and 
methodology, this algorithm may not be relevant or accurate.  
Despite the lack of consistency, many studies used visual outcome definitions 
and reported visual outcomes in a task-dependent manner (Hayhoe and Ballard, 
2005; Land, 2006; Marigold and Patla, 2007; Owsley, 2011; Peltsch et al., 2011). 
In the reviewed studies, upper limb tasks reported latencies or durations, 
whereas during whole body tasks (e.g. walking, driving etc.) frequencies or 
overall scores were provided. Similarly, low velocity thresholds (e.g. 30°/sec 
(Chan et al., 2005; Versino et al., 2005; Peltsch et al., 2011)) tend to be used for 
constrained studies, whereas during unconstrained studies higher thresholds 
(e.g. 50-60°/sec (Desmurget et al., 2004a; Marx et al., 2012; Muilwijk et al., 
2013)) are used to exclude interference from other visual events (e.g. vestibular 
ocular reflex). Substantial variation makes direct comparisons between studies 
and real-world activities difficult. Comparison of several reviewed studies that did 
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report the same visual outcome measures (Desmurget et al., 2004a; 
Anastasopoulos et al., 2011; Galna et al., 2012; Marx et al., 2012) indicated 
possible task-dependent impairments in PD subjects, but due to a lack of 
available studies and methodological variations, definitive conclusions cannot be 
drawn. This confirms the need for quantification of visual sampling during real-
world activities to determine the effect of a real-world activity and the 
consequences of PD on ‘real-life’ situations (Marx et al., 2012). Creating a gold-
standard for visual event detection and outcome measure reporting is challenging 
due to variations in instrumentation and differing methodologies. Therefore, 
current research should report visual event definitions and either use a task-
dependent or an adaptable algorithm (Nystrom and Holmqvist, 2010).  
PD influenced real-world activity performance and visual sampling outcomes in 
all of the reviewed studies. A common phenomenon of PD is freezing of gait 
(FOG), which has been linked to reduced function and increased falls incidence 
(Okuma, 2006; Vercruysse et al., 2012). Only two of the reviewed studies 
(Anastasopoulos et al., 2011; Lohnes and Earhart, 2011) reported visual 
sampling in relation to FOG. They demonstrated reduced velocity and latency of 
saccades in PD subjects who experience FOG, while other aspects such as 
saccade amplitude and frequency remained similar to non-FOG subjects. 
Reduced saccade latency during turns-in place was attributed to a compensatory 
strategy adopted to prevent falling, and to compensate for reduced movement 
times (of the head, trunk etc.), as the eyes contributed more than other segments 
in PD subjects during turning (Anastasopoulos et al., 2011). However, similar 
outcomes have been found in older adults who fixate on stepping targets 
significantly earlier than younger subjects (Di Fabio et al., 2003; Chapman and 
Hollands, 2006), with increased cognitive (visuomotor) processing time required 
(Chapman and Hollands, 2006; Chapman and Hollands, 2010; Uiga et al., 2015). 
Another study stated that PD subjects reduced saccadic impairment during real-
world activities or used saccadic activity to compensate for motor deficiencies 
(Marx et al., 2012). Similar differences in saccadic activity during gait in older 
adults are suggested to reflect compensatory adaptations in an attempt to 
maintain online control of real-world tasks (Uiga et al., 2015) despite visual and 
cognitive impairment, and the same could be true for those with PD.  However it 
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is unclear if compensatory strategies exist due to incomprehensive reporting of 
visual sampling outcomes, small sample sizes and methodological variations 
(such as not controlling for cognitive or visual dysfunctions).  
3.5.3. Interpretation of outcomes 
Six studies (Uc et al., 2006; Sacrey et al., 2009; Sacrey et al., 2011; Galna et al., 
2012; Heremans et al., 2012; Vitorio et al., 2014) assessed for visual or cognitive 
function. Visual and cognitive processes underpin visual sampling during real-
world activities (Chapter 2), with top-down cognitive control most prevalent during 
such situations (Anderson and MacAskill, 2013). Cognitive and visual deficits 
influence visual sampling in PD and older adults (van Stockum et al., 2008; van 
Stockum et al., 2011a; van Stockum et al., 2012; van Stockum et al., 2013), and 
real-world activity performance resulting in visuo-cognitive deficits, such as 
increased visual processing time (Chapman and Hollands, 2006; Antal et al., 
2008; Chapman and Hollands, 2010), perceptual deficits (Bodis-Wollner, 2003; 
Young et al., 2010) and abnormal environment scanning (Matsumoto et al., 2011; 
Matsumoto et al., 2012). Similarly, visual function impairments, such as VA and 
CS are common in ageing, but are further implicated in PD due to dopamine 
depletion within retinal and primary visual structures (Archibald et al., 2009; 
Bodis-Wollner, 2013; Bodis-Wollner et al., 2013). Such visual deficits have been 
linked to functional impairments during real-world activities and falls in older 
adults (Archibald et al., 2009; Moes and Lombardi, 2009; Owsley, 2011). 
Although, visual acuity impairment is variable in PD (Geldmacher, 2003), as it 
can be corrected with prescription glasses (Antal et al., 2008). Conversely, 
contrast sensitivity has been related to everyday task impairment in PD and older 
adults (Geldmacher, 2003; Moes and Lombardi, 2009; Owsley, 2011). Therefore, 
it was surprising that most of the reviewed studies either excluded subjects with 
cognitive or visual deficits, or did not test for them. The exclusion of these 
subjects limits the generalisability of the findings and may obscure the underlying 
mechanisms of visual sampling impairment in PD. 
Visual and cognitive impairments in PD were associated with reduced visual 
sampling (Uc et al., 2006; Galna et al., 2012; Heremans et al., 2012) and 
increased fixation durations (Sacrey et al., 2009; Sacrey et al., 2011) during real-
Chapter 3: Measurement of visual sampling during real-world activities 
 
55 
 
world activities. Although similar impairment is seen during static tests of visual 
sampling (Clark et al., 2010; Matsumoto et al., 2011; Matsumoto et al., 2012; 
Archibald et al., 2013), it is likely that visual sampling was influenced by the 
increased cognitive demand of a real-world activity (Ho et al., 2001). Age, 
disease progression, and disease-specific motor characteristics (e.g. FOG) have 
also been implicated in cognitive and visual processing time (Di Fabio et al., 
2003; Chapman and Hollands, 2006; Sacrey et al., 2009; Chapman and 
Hollands, 2010; Lord et al., 2012). Therefore, measurement of not only motor but 
also cognitive and visual impairment is required when investigating visual 
sampling in PD and older adult subjects, due to the aforementioned internal and 
external influences (Maltz and Shinar, 1999; Ho et al., 2001; Archibald et al., 
2013). 
3.5.4. Test Protocols 
Pelz  and Canosa (2001) acknowledged that many previous studies investigating 
visual sampling have incorporated simple tasks involving stationary observers, 
with subjects interacting with their environment via button presses or mouse 
clicks. These experiments provide valuable information concerning specific 
mechanisms behind visual sampling and allow for experimental manipulation. 
However, they lack ecological validity because movements during real-world 
activities commonly involve multiple motor, cognitive and visual processes. In 
contrast, sixteen studies included in this review examine real-world activities 
under dynamic conditions providing insight into visual behaviour and the interplay 
between motor function, cognition and vision. Previous investigations of vision 
during real-world activities, neglect the quantitative objective measurement of 
visual sampling (i.e. measurement of eye-movements). For example, previous 
studies manipulated visual input during real-world activities by testing under 
conditions where vision was present (light or no occlusion) or restricted (dark or 
occluded) (Klockgether and Dichgans, 1994; Azulay et al., 1999; Adamovich et 
al., 2001; Vaillancourt et al., 2001a; Vaillancourt et al., 2001b; Almeida et al., 
2005; Schettino et al., 2006; Rand et al., 2010). These studies provide global 
information on the contribution of vision compared to proprioception (Ghez et al., 
1994), but unlike studies involving eye-tracking technology they do not assess 
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specific visual sampling outcomes during real-world activities. Recommendations 
for future protocols are made in Table 3-4. 
Table 3-4 - Recommendations for future research 
 
3.6. Conclusions  
Previous studies have been limited by methodological issues and a lack of robust 
techniques involving novel technology (i.e. mobile eye-tracking), which will be 
addressed in the first two experimental chapters of this thesis (Chapter 5 and 6). 
Precise quantitative measures of visual sampling during real-world activities are 
essential for characterising the impairments involved in PD. However, no single 
device or combination of devices has been established as the most informative 
indicator of these processes. Although mobile infra-red eye–trackers are the most 
comprehensive method available to date, the validity and reliability of such 
devices during real-world activities in people with PD or older adults are yet to be 
determined.  
The implications of visual sampling during real-world activities remain unclear, 
but research in this area is emerging. Variations in visual sampling during 
different real-world activities infer not only an impairment of eye-movements in 
PD, but may relate to a task-specific alteration influenced by a combination of 
motor (i.e. gait), cognitive and visual deficits. Further quantification of visual 
sampling is needed to understand PD-specific impairments and explore the 
underlying visual and cognitive relationships, which will enhance understanding 
of visuo-cognition in gait. 
Recommendations for future visual sampling during real-world activities research 
 Use task-appropriate instrumentation to measure visual sampling with 
temporal resolution ≥50Hz for saccade detection  
 If measuring saccade durations use a temporal resolution of ≥200Hz, 
which may involve combining devices 
 Report the reliability and validity of any instrument used to monitor visual 
sampling  
 Use an adequately powered sample size  
 Define all visual outcomes and measure using a task-dependent or 
adaptable algorithm  
 Routinely assess and control for visual function and cognition  
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4. General Methodology 
4.1. Summary4 
Each of the following experimental chapters (Chapters 5, 6, 7, 8 and 9) contain a 
methods section specific to the experimental design used. However certain 
procedures remained constant across all the studies presented in this thesis, 
which are described in the following chapter. Definitions and calculations are 
provided for all outcome measures obtained, with details of all assessments 
conducted.  
4.2. Methodological design  
4.2.1. Research design and sample recruitment 
The study used a repeat measures observational design with PD participants 
(across a range of cognitive ability but non-demented) recruited from the 
Newcastle upon Tyne NHS Movement Disorder service over a two year period 
(July 2013 - February 2015). In addition, healthy aged-matched control older 
adults (controls) were recruited via advertisement using posters (Appendix 3.0) 
and email (Appendix 4.0), specifically posters were displayed within neurology 
and geriatric departments in Newcastle and an email was sent via the Newcastle 
University e-mail system to staff and students. A total of 100 participants (60 PD 
and 40 controls) were recruited and included in the study. Figure 4-1 provides a 
detailed account of study recruitment, illustrating that 95 PD participants were 
referred to the study, with 22 declining to participate and 13 being un-contactable. 
Of the 64 PD participants that consented to be screened for the study, one was 
considered to have an unstable medical condition; specifically prostate cancer. 
Similarly three other PD participants were excluded due to vision specific 
pathology which would affect the ability to monitor eye-movements (nystagmus 
n=2 and acute blepharitis n=1).  
The control cohort comprised of people who expressed an interest in the study 
advertisements (Appendix 3.0 and 4.0), with a total of 54 people getting in 
contact. Four of the controls that contacted declined after receiving further 
                                            
4 This study protocol has been published in F1000 Research; Stuart et al. (2015) 
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information about the study, and ten potential controls were uncontactable once 
they had made their initial contact via phone or e-mail. One control was excluded 
after screening as they did not meet the group criteria of ≥26 of the Montreal 
cognitive assessment (MoCA) (see section 4.4), which may indicate MCI. As a 
result they were excluded and their general practitioner was informed. 
4.3. Ethical Approval 
The study was approved by an NHS Local Research Ethics Committee (REC) 
and all participants gave written informed consent prior to inclusion in the study 
(Newcastle and North Tyneside 1 REC; Reference: 13/NE/0128). The trial was 
also registered with ClinicalTrials.gov (ID: NCT02610634). 
4.4. Inclusion/Exclusion Criteria 
Participants who expressed an interest in the study were included if they met 
specific inclusion criteria, as well as meeting none of the exclusion criteria.    
Common Inclusion Criteria: 
 Aged ≥50 years   
 Able to walk unaided  
 Adequate hearing (as evaluated by the whisper test; stand 2m behind 
subject and whisper a 2 syllable word, subject repeats word) and vision 
capabilities (as measured using a Snellen VA chart – 6/18-6/12).  
 Stable medication for the past 1 month and anticipated over a period of 6 
months 
Common Exclusion Criteria: 
 Psychiatric co-morbidity (e.g., major depressive disorder as determined by 
geriatric depression scale - GDS-15; ≤10 (Aikman and Oehlert, 2001)) 
 Clinical diagnosis of dementia or other severe cognitive impairment (MoCA 
≥21 but <26 (Dalrymple-Alford et al., 2010)) 
 History of stroke, traumatic brain injury or other neurological disorders 
(other than PD, for that group) 
 Acute lower back or lower extremity pain, peripheral neuropathy, 
rheumatic and orthopaedic diseases 
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 Unstable medical condition including cardio-vascular instability in the past 
6 months 
 Unable to comply with the testing protocol or currently participating in 
another interfering research project 
 Interfering therapy  
Vision specific (identified via medical notes): 
 Any pupillary diameter disorder; such as significantly non-round pupils, 
Adies pupil (tonic or dilated pupil), Argyll-Robertson pupil (absence of light 
reaction), unilateral small pupil 
 Neuro-motility disorders, such as Nystagmus or other ocular oscillations 
 Significant left eye disorders (i.e. squint, twitching, Ptosis [drooping 
eyelids]) 
 Known significant visual field deficits; such as hemianopia 
 Optic nerve disease 
 Optic disc elevation 
 Optic disc swelling; such as Papilledema or Papillitis 
Participants with PD specific criteria: 
 Diagnosis of idiopathic PD, as defined by the UK Brain Bank criteria 
(Hughes et al., 1992) 
 Hoehn and Yahr stage I-III (Hoehn and Yahr, 1967) 
 Stable medication for past 1 month and anticipated over next 6 months or 
stable Deep Brain Stimulation for at least one month and expected 
following 6 months 
 Score ≥21/30 on MoCA which is used to classify non-demented PD (PD 
dementia is <21/30) (Nasreddine et al., 2005; Smith et al., 2007) 
 Free from any neurological disorders that may have caused cognitive 
impairment 
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Figure 4-1 – Study recruitment flow chart 
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All data collection was completed in one session (lasting ~3 hours), apart from 
participant screening which was conducted separately within the movement 
disorder clinics by the principle investigator (SS). Individual demographic data 
was collected at the start of the session, including; retrospective falls history and 
medications. No restriction was made for medication usage provided participants 
were on stable doses of medication or treatment. PD medications were converted 
to levodopa equivalent doses (LED) using published criteria (Tomlinson et al., 
2010). 
4.5. Global Neuropsychological Assessment 
Global cognition was assessed via the MoCA (Appendix 5.0) and the 
Addenbrookes cognitive examination (revised version) (ACE-R; Appendix 6.0), 
which were used as descriptive measures (Dalrymple-Alford et al., 2010). The 
MoCA was performed during screening and used to exclude control participants 
with cognitive impairment (MoCA < 26) and PD participants with dementia (MoCA 
< 21) (Aarsland et al., 2010). The MoCA is a valid and standardized 
neuropsychological test for rapid screening of global cognitive dysfunction 
(Dalrymple-Alford et al., 2010), and assesses several different cognitive domains 
(attention and concentration, executive functions, memory, language, visuo-
constructional skills, conceptual thinking, calculations, and orientation). ACE-R 
has also been shown to be valuable in differential diagnosis of PD when 
compared to the Mini mental state examination (MMSE) (Rittman et al., 2013). 
Similar to the MoCA, the ACE-R involves testing multiple cognitive domains, such 
as; attention, orientation, memory, fluency, language and visuospatial abilities.  
Data on depressive symptoms was collected using the geriatric depression scale 
(GDS-15; Appendix 7.0) short form. The GDS-15 was created in 1986 by Sheikh 
and Yesavage and involves 15 questions about the mood of participants 
(Yesavage and Sheikh, 1986). Scores of 0 to 4 to be in the normal range, 5 to 9 
to indicate mild depression, and 10 to 15 to indicate moderate to severe 
depression (Aikman and Oehlert, 2001). The GDS-15 is a relatively quick and 
valid assessment of depression (Meara et al., 1999; de Craen et al., 2003).  
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4.6. Specific Cognitive Domain Assessment 
4.6.1. Attention 
Attention (specifically top-down attention) was measured via the Cognitive Drug 
Research (CDR) battery (United Biosource Corporation, UK). The CDR battery 
involved three sub-sections of simple reaction time, digit vigilance and choice 
reaction time, as shown in Table 4-1. These sub-sections consist of computerised 
tests, which the participants respond to by pressing one of two buttons (YES or 
NO buttons). The measurements acquired during these tasks provide specific 
measures of attention, including; composite measures of power of attention and 
fluctuation of attention (Allcock et al., 2009). Power of attention is the sum of the 
reaction time (ms) scores from the three tasks and fluctuation of attention is sum 
of the coefficient of variance (CV%) of reaction time scores from the three tasks 
(Allcock et al., 2009). Use of composite measures, particularly CV% (Mean/SD x 
100) allowed for normalisation of the attentional measures used for each 
individual. The attention CDR is a valid means of testing attention and has been 
used in a number of studies involving people with PD, cognitive impairment and 
control individuals (Wesnes et al., 2005).    
4.6.2. Executive function 
Clock drawing, specifically Royall’s CLOX 1 (Appendix 8.0) (Royall et al., 1998) 
was used as a measure of executive function (i.e. planning) (Salthouse, 2005). 
Clock drawing assessment is a measure of cognitive impairment, which is 
internally consistent with good reliability between raters, and is easy to administer 
(Royall et al., 2003; Zuverza-Chavarria and Tsanadis, 2011). Participants were 
required to plan and draw a clock with the numbers and arrows pointed at a 
particular time, which is then marked out of 15 for certain criteria (e.g. hour hand 
shorter than the minute hand = one point).  
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Table 4-1 - Cognitive Drug Research (CDR) battery 
CDR Assessment Description Measure 
Simple reaction 
time 
Participant has to press the YES button 
as fast as possible every time the word 
YES appears on the computer screen. 
Reaction time (ms) and 
coefficient of variance (CV%) 
Digit vigilance 
A random whole number (digit) is chosen 
by the programme and is displayed on 
the screen. To the left of this, in the 
centre of the screen, a series of digits 
(one at a time) was then presented at the 
rate of 150 per minute. The participant 
was required to press the YES button 
when the two numbers on the screen 
matched. There were 45 numbers in the 
series. 
Reaction time (ms) and 
coefficient of variance (CV%), 
% of accurate responses, 
number of errors 
Choice reaction 
time 
Participant had to press either the YES 
or NO button as fast as possible every 
time the corresponding word appeared 
on the computer screen. 30 stimuli were 
randomly delivered. 
Reaction time (ms) and 
coefficient of variance (CV%), 
% of accurate responses 
 
4.6.3. Visuo-spatial assessment 
Visuo-spatial ability (i.e. the ability to identify the spatial relationship of objects) 
was assessed using a variety of standardised tests, including; Benton’s 
Judgement of Line Orientation (JLO; Appendix 9.0), Royall’s CLOX 2 and sub-
sections of the visual object and space perception battery (VOSP). 
The JLO was used as it has high test-retest reliability and has been shown to 
have good neuropsychological construct validity via neuroanatomical localization 
studies (Calamia et al., 2011). The JLO assessment involves a participant 
viewing a set of numbered lines (placed in a semi-circle) and then simultaneously 
being shown two lines which have the same orientation as two of the numbered 
lines. They then have to name the numbers that the two lines correspond to.  
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Clock copying, specifically Royall’s CLOX 2 (Appendix 8.0) (Royall et al., 1998) 
was used as it is a visuo-spatial task linked with right parietal pathology 
(Matsuoka et al., 2011). To complete the CLOX 2 assessment the researcher 
draws a clock and the participant must then copy the drawn clock, similar to the 
cube copying task in the MoCA and ACE-R. 
Sub-sections of the visual object and space perception battery (VOSP) were 
used for more specific visuo-spatial assessment (Rapport et al., 1998), such as; 
incomplete letters (visual object perception), dot counting and position 
discrimination (both spatial perception). The VOSP has been shown to be a valid 
measure of visuo-spatial ability (Binetti et al., 1998) and has been used in 
previous studies involving older adults and people with neurological disorders 
(Bonello et al., 1997; Lawrence et al., 2000; Herrera-Guzman et al., 2004).  
4.6.4. Working Memory 
Working memory was assessed using the maximal Wechsler forward digit span 
(Wechsler, 1945), which was performed while seated. The forward digit span is 
reported as a simple span test, which measures storage and manipulation of 
information by working memory (Wilde et al., 2004).  
The forward digit span consists initially of two numbers being played over loud 
speaker for the participants to recall, and continues to a maximum of nine 
numbers (Wilde et al., 2004). There were three trials per span length and the test 
continues until a participant fails two out of three trials. The maximal length of the 
digit span was determined, defined as the most numbers a participant could 
remember two out of three times without error. 
4.7. Visual function assessment 
Binocular basic visual functions of visual acuity (VA) and contrast sensitivity (CS) 
were assessed using standardised charts which are commonly used in clinical 
practice. Participants wore any visual correction (e.g. contact lenses or glasses) 
that they usually wore during walking when performing these assessments of 
visual functions. 
A high contrast LogMAR chart (Figure 4-2, chart on left) was used to measure VA 
in both PD and control groups. Participants were seated at a distance of 4m from 
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the chart and instructed to read aloud each line of letters on the chart starting 
from the top left. All correct answers were recorded on a pre-set score sheet and 
the test was terminated when a participant either made 2 consecutive errors or 
reached the last letter of the chart.   
A mars letter CS chart (Mars Percetrix™, New York, USA; Figure 4-2, chart on 
right) was placed on an adjustable holder 50cm in front of the participants and 
used to measure CS. The CS chart consisted of 48 Latin letters of uniform height 
which are read aloud line by line from the top left and reduced in contrast with 
letter progression. Room illumination was adjusted so that the average CS chart 
luminance was between 80 and 120cd/m², which was measured via a luminance 
meter. Errors were recorded on a pre-set score sheet and testing was terminated 
if participants either made 2 consecutive errors or read the final letter. The final 
scores for both LogMar VA (1) and LogCS (2) were calculated via specific 
formulas, representing the number of letters read correctly during the tests. 
 
 
Figure 4-2 – Visual function charts; LogMar visual acuity (Left), LogCS contrast 
sensitivity (right) 
 
 (1)        LogMar VA = (𝑠𝑐𝑜𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑛𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛) − (0.02 𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑟𝑟𝑜𝑟𝑠)
+ (0.02 𝑥 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑎𝑛𝑠𝑤𝑒𝑟𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝑙𝑖𝑛𝑒) 
(2)         LogCS = (𝑠𝑐𝑜𝑟𝑒 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑙𝑒𝑡𝑡𝑒𝑟 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛) − (0.04 𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑟𝑟𝑜𝑟𝑠 𝑝𝑟𝑖𝑜𝑟 𝑡𝑜 𝑠𝑡𝑜𝑝𝑝𝑖𝑛𝑔) 
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4.8. Parkinson’s disease specific assessment 
4.8.1. The Unified Parkinson's Disease Rating Scale UPDRS 
(Appendix 10.0) 
The Movement Disorders Society Unified Parkinson's Disease Rating Scale 
(MDS-UPDRS) was used to assess motor (MDS-UPDRS part III) and non-motor 
features of PD and overall disease severity. The MDS-UPDRS is scored from a 
total of 195 points; higher scores reflect worsening disability.  
4.8.2.  Hoehn  & Yahr (H & Y) (Appendix 11.0)  
The Hoehn and Yahr rating scale is a widely used clinical rating scale, which 
defines broad categories of motor function in Parkinson’s disease (PD). All 
participants were included provided they had a mild-moderate H &Y score 
(stages I-III).  
The PD cohort were restricted to mild to moderate (H&Y I-III) disease severity 
because the focus of this thesis involved gait which required individuals to still be 
able to safely walk, who were potentially at less risk of trips and falls during the 
testing procedures than those in later stages of the disease.  
4.8.3. The FOG questionnaire (FOGQ) (Appendix 12.0)  
Freezing of gait (FOG) was evaluated using the new FOG questionnaire. This is 
a 10 item questionnaire intended to classify gait disturbance. The questionnaire 
has 3 parts; distinction of freezers from non-freezers, freezing severity, frequency 
and duration and impact of freezing on daily life.  
4.9. Older adult and Parkinson’s disease specific assessment 
4.9.1. Falls efficacy scale – International (FES-I) (Appendix 13.0) 
Fear of falling was measured using the falls efficacy scale – international (FES-I) 
version. This is a short and valid measure of fear of falling in older adults, which 
assesses basic and demanding activities (both physical and social) (Yardley et 
al., 2005). It consists of 16 scenarios (e.g. cleaning the house) and subjects must 
rate their fear of falling on a scale from 1 (Not at all concerned) to 4 (Very 
concerned). 
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4.10. Equipment 
The equipment used within the following chapters remained consistent. The 
following devices were all synchronised so that simultaneous eye and body 
movement recording could be performed.  
4.10.1. Mobile eye-tracker  
A Dikablis mobile eye-tracker (Ergoneers, Germany) with a sampling rate of 50Hz 
was used to track participant visual sampling, definitions for visual sampling 
outcome measures are shown in Table 4-2. Details regarding data processing, as 
well as accuracy and reliability of this device are contained within Chapters 5 and 
6. The Dikablis was head-mounted on each participant along with a wireless 
electro-oculography (EOG) device (Zerowire, Aurion, Italy) (Figure 4-3), which 
monitored horizontal eye movement. The Dikablis and EOG were synchronized 
using a 3D motion capture system (Vicon, Oxford, UK). The Dikablis consisted of 
a light-weight head-unit and backpack containing the transmitter (weight: 69g) 
(Figure 4-3). The head-unit was taped to the participants’ forehead to prevent 
error due to slippage using double-sided tape.  
 
 
 
Participants wore any visual correction (e.g. contact lenses or glasses) that they 
usually wore during walking throughout use of the eye-tracking devices. 
Calibration was performed with individual participants at the start of each session, 
which was kept as consistent as possible with a standardised procedure (Figure 
4-4). Manufacturer four-point calibration procedure was performed. However, in 
Figure 4-3- Mobile eye-tracker and EOG placement 
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order to calibrate the eye-tracker to the environment and minimise parallax error, 
targets were replaced with four orange cones with illuminous markers which were 
placed on the floor within the four-point locations (Figure 4-4; two ~2.5m from the 
participant and 2 at the end of the gait laboratory; ~5m from the participant).  
 
 
 
 
4.10.2. Electro-oculography (EOG) 
Wireless EOG was also used to record visual sampling, specifically horizontal 
saccades at a sampling rate of 1000Hz. The visual sampling outcome measures 
obtained via EOG are defined in Table 4-2. Electrodes (~4mm) were placed bi-
temporally as close to the (left and right) lateral canthus as possible without 
blocking participant vision. EOG has been shown to be a valid and reliable 
method for assessing visual sampling in younger adults (Duchowski, 2007), and 
has previously been used during gait with older adults and in people with PD 
(Galna et al., 2012). 
Figure 4-4- Mobile eye-tracker calibration procedure 
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The EOG system was calibrated for each participant while seated 6m from a wall. 
Initially a target was placed on the wall straight in front of the participants and 
they were asked to blink for a period of 20 seconds in time with a 60bpm 
metronome. The rest of the calibration procedure required participants to move 
their eyes between two targets placed at set distances (5°, 10° and 15°; Figure 4-
5) relative to participant field of view, again in time with the metronome for 30 
seconds. A maximum distance of 15° was used as most naturally occurring 
saccades occur within this threshold (Bahill et al., 1975). Horizontal eye 
movements (5°, 10° and 15°) for were recorded via EOG (1000Hz) and Dikablis 
mobile eye tracker (50Hz) simultaneously. 
The specific commands for the calibration were as follows: “Looking straight 
ahead, blink every time you hear the metronome beat.” Then for eye-movements: 
“Move your eyes between each marker to fixate the other marker every time you 
hear the metronome beat.” 
The average (mean) for each visual sampling variable (Table 4-2) was calculated 
over three trails. 
 
Figure 4-5 – Photograph of electro-oculography (EOG) calibration procedure; lines 
on the wall represent the targets set at 5⁰, 10⁰ and 15⁰ 
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Figure 4-6 - A standard electro-oculography (EOG) trace during one of the 
calibration tasks; horizontal saccadic eye movements to right and left 
[Left: the cornea approaches the electrode near the outer canthus of the left eye, resulting in a positive to 
negative change in the recorded potential. Right: the cornea approaches the electrode near the inner 
canthus of the left eye, resulting in a negative to positive change in the recorded potential] 
 
Table 4-2 – Visual sampling outcome measures 
Device Variable Unit Definition 
Dikablis Saccade frequency* Saccades/second Number of fast eye movements made 
each second of a trial 
 Saccade number Number Total number of fast eye movements 
made during a trial 
 Fixation number Number Total number of fixations made in a trial 
 Blink number Number Total number of blinks made during a 
trial 
EOG Saccade duration Milli-seconds (ms) Time taken to move between fixations 
 Saccade amplitude Degrees (⁰) Distance of fast eye movement 
between two fixations 
 Saccade peak velocity Degrees/second The highest velocity reached during a 
saccade 
 Saccade peak 
acceleration 
Degrees/second2 The highest acceleration reached 
during a saccade 
 Fixation duration Seconds Length of time the eye is paused on an 
area of interest between saccades 
*Primary outcome for main experimental studies 
 
Right Left
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4.10.3. 3D motion capture system 
Kinematic data were recorded using a 3D motion capture system (VICON, 
Oxford, UK), which recorded each participant whilst walking through the gait lab. 
There were 12 cameras in the system, each with a resolution of 1266 x 1024 and 
a temporal resolution of 100Hz. 3D motion analysis is a valid and reliable method 
of assessing the spatiotemporal parameters of gait in people with PD and 
controls (Huang et al., 2008), and is considered the ‘gold-standard’ for gait 
analysis. 
A total of 20 reflective spherical markers were placed on participants at various 
body locations (Figure 4-7; 2x shoulders, 1x sternum, 2x anterior superior iliac 
spine, 2x posterior superior iliac spine, 2x big toe, 2x instep, 2x heel, 4x head and 
3x Dikablis). Each marker position was labelled and a full body model was 
created for each participant. This simple body mark-up was created to allow quick 
participant set-up, with an adequate number of markers to create segments for 
major body locations (i.e. head, shoulders, pelvis and feet). The feet markers (big 
toe and heel) were the only markers used to derive gait characteristics. 
Calibration was performed before any data collection occurred using a static 
frame capture (in order to set the capture volume origin), which was then followed 
by the dynamic capture trials.  
Participant gait and head movement data was derived from the Vicon Nexus 
software, which involved manual processing of all 3600 trials collected within the 
Nexus software. Manual processing involved the creation of a participant model 
and filling any capture gaps that may have occurred. Capture gaps were only 
occasional and occurred as a result of cameras being unable to record marker 
placement, which occurred when the participant was at the start or the end of the 
capture volume or when occluded by a body segment (e.g. arm). Gaps (no more 
than 5 frames) were filled frame-by-frame using an interpolation (gap-filling) 
algorithm within the Vicon Nexus software. Once manual processing of the raw 
3D motion capture data had been completed, gait data (Table 4-3) and head 
movement data could be processed and exported via Nexus to a .CSV file to be 
read into MATLAB® 2012a (Mathworks, Natick, MA, USA) for amalgamation, and 
further analysis. The mean for each variable (Table 4-3) was calculated over 
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three trials and data for each limb was calculated separately before calculating 
the overall mean.  
 
Figure 4-7 – Reflective marker placement on body segment 
Table 4-3 – Gait Characteristics  
Variable Units Definition 
Time to Door Seconds Time for each participant to walk from the start point to the door 
position 
Step Length Metres Distance between the point of initial heel contact with the floor on 
one foot to the point of initial heel contact with the floor on the other 
foot 
Gait Velocity Metres/second The distance covered by the individual in unit time 
Step Time Seconds Time taken for each step 
Single Support Time Seconds Time where only one limb is supporting the body 
Double Support Time Seconds Time where both limbs are supporting the body 
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4.11. Dual Task 
In order to manipulate cognitive (primarily attentional) load during gait within the 
main experimental studies presented within this thesis (Chapters 7 and 8), 
participants completed walks under single and dual task. The dual task involved 
maximal Wechsler digit span (Wechsler, 1945). As mentioned in section 4.6.4, 
the maximal length of forward digit span was determined in sitting. The 
participants were played a string of digits (set to their individual maximal string) 
over loud speaker during the walking tasks and participants repeated the strings 
back to the researcher, the number of errors were recorded during each dual task 
walk.  
The command prior to dual task walking were as follows; “A string of numbers will 
be played as you begin your walk, when you have completed the walk repeat the 
numbers back in the order you heard them”. 
4.12. Statistical procedures 
Statistical techniques specific to individual chapters are included in relevant 
specific methods sections, but this section contains procedures common to all 
analyses. Data were analysed using the SPSS version 21 statistical package 
(SPPS, Inc. an IBM company). Data were assessed for normality with visual 
histograms and Kolmogorov-Smirnov tests, meeting criteria for parametric 
analysis (Expósito-Ruiz et al., 2010; Ghasemi and Zahediasl, 2012; Field, 2013).  
Descriptive statistics such as means and standard deviations (SD) were 
calculated for continuous dependent and independent variables. Descriptive 
statistics were tabulated and presented graphically for clarity. Independent t-tests 
were used to compare descriptive data between groups. Pearson chi-square (X2) 
test was used for comparison of frequency data between groups.   
This thesis contains the first exploration of cognition, vision, visual sampling and 
gait in PD and older adults. Due to the exploratory nature of the studies contained 
in this thesis control for multiple comparisons and for various independent 
variables was not performed for much of the analysis, in order to avoid Type II 
error (i.e. failing to observe a difference between PD and controls when there is a 
difference). To this end, all statistical tests were carried out with a significance 
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level p < .05, and all reported p-values are two-tailed. Significant values less than 
p = .001 were abbreviated to p < .001 in text.  
4.12.1. Sample size justification 
The studies contained within this thesis were exploratory and therefore few 
specific previous examples were available to guide the sample size required. The 
sample size estimate was based on results from previous work in this research 
area (PD; n=21) (Galna et al., 2012) and preliminary pilot work with the Dikabilis 
mobile eye-tracker, which is a new tool for this type of research. Similar studies in 
this research area (Anastasopoulos et al., 2011; Lee et al., 2012b; Lohnes and 
Earhart, 2012b; Lohnes and Earhart, 2012a; Vitorio et al., 2012; Vitorio et al., 
2013) have used smaller sample sizes (n=2-26), demonstrating both significant 
and non-significant differences between PD and control groups. A larger sample 
size than previous research was chosen to ensure differences between groups 
would be evident (≥40 participants in each group). It is a general 
recommendation to have around 30 cases per group to be able to carry out basic 
statistical tests (Expósito-Ruiz et al., 2010). However this is a guideline and many 
analyses can be carried out with fewer cases, depending upon the nature of the 
variability shown in the participants and the type of statistical tests applied. An 
interim analysis was undertaken after testing half of the full cohort (20 PD and 20 
controls) to ensure that adequate precision of key visual sampling outcomes (i.e. 
saccade frequency) would be achieved within the full cohort.  
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5. Quantification of saccades during gait in mobile eye-tracking 
data 
5.1. Summary5 
There is currently no ‘gold standard’ algorithm with which to measure visual 
sampling outcomes (saccades and fixations), as highlighted in chapter 3. This 
chapter details a preliminary study that was carried out in order to establish 
robust measurement of saccadic activity within mobile eye-tracker data. A novel 
custom made MATLAB® 2012a (Mathworks, Natick, MA, USA) computer 
programme (algorithm) was developed and evaluated in order to provide 
saccadic measurement from mobile eye-tracking data used for this thesis.  
5.2. Introduction 
Eye-tracking has been used since the 1700’s, with early static investigations 
during reading (Porterfield, 1752). Since then progression has been made to 
mobile eye-tracking investigation, which is becoming a very useful tool in the 
development of protocols that investigate cognitive and visual processes during 
real-world tasks (Salvucci and Anderson, 2001). The eye has a distinct black 
circle in its centre called the pupil, which is used as a frame of reference by infra-
red and video-based eye-tracking technology to denote movement of the eye 
(Duchowski, 2007; Holmqvist and Nystrom, 2011). Some but not all eye-trackers 
also track the reflection of the cornea (Duchowski, 2007), which can be used to 
monitor camera position in relation to head movement. Eye-tracking devices 
generally track these features using a camera and provide co-ordinates.  
In order to provide saccade and fixation data from raw co-ordinate data acquired 
by mobile eye-tracking devices an algorithm is required. There are several 
different methods to extract this data (for an overview see; Salvucci and Goldberg 
(2000)). Velocity based saccade and fixation identification is the simplest method 
to understand and implement in eye-tracking data analysis. This method consists 
of separating fixations and saccades based on their point to point (co-ordinate) 
                                            
5 This study has been published in IEEE EMBC (available on IEEE Xplore); Stuart et al (2014b) 
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velocities. Typically, fixations are classified as low velocities (i.e. <100°/sec) and 
saccades as high velocities (i.e. >300°/sec) (Salvucci and Goldberg, 2000). Due 
to the velocity differences the discrimination of saccadic eye-movements and 
fixations is relatively simple and robust. In view of this researchers have called for 
a readily adaptable algorithm for velocity based eye-movement detection 
(Nystrom and Holmqvist, 2010), which is particularly relevant when eye-tracking 
in mobile environments where other eye-movements (i.e. vestibular-ocular reflex 
(VOR)), could infiltrate the thresholds (Holmqvist and Nystrom, 2011). 
Most medically orientated studies involving the analysis of visual sampling 
characteristics/outcomes aim to uncover the impairments of certain disease 
groups, such as people with PD during certain tasks. However, until recently 
almost all previous research was conducted in restricted static conditions and 
involved simple tasks such as button pressing (Stuart et al., 2014a), as 
mentioned in chapter 3. These studies provide information about the mechanisms 
behind visual sampling characteristics and allow for experimental manipulation, 
but results may not be relevant to real-world activities that involve multiple motor, 
cognitive and visual processes (Pelz  and Canosa, 2001). Static conditions also 
limit the amount of error seen within eye-tracking data, as other artefacts 
associated with movement are not present (i.e. VOR). These artefacts must 
either be ruled out or controlled for when analysing for specific visual sampling 
characteristics during real-world (highly mobile) activities, such as gait.  
The aim of this preliminary study was to provide a simple, yet robust algorithm for 
the detection of saccades from mobile eye-tracker data. The work involved the 
development and validation of an algorithm to detect visual sampling outcomes 
(saccades and fixations) from mobile eye-tracker co-ordinate data.  
5.3. Specific Methods 
5.3.1. Participants  
This study involved the recording of eye-movements made while walking under 
different conditions (such as walking in a straight line, through a door frame, while 
turning, and under single and dual task) in people with PD and older adult 
controls. In total, data from ten participants were used to evaluate the algorithm. 
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Five people with PD and five older adults (controls) (≥50 years old) were chosen 
at random from the larger ‘Vision and Gait in PD’ study cohort.  
5.3.2. Equipment 
A Dikablis mobile eye-tracker was used to track gaze co-ordinates (x, y) by 
means of infra-red illumination, which allows for detection of the blackness of the 
pupil. Importantly for this thesis the 50Hz sampling rate of the Dikablis is 
adequate for the detection of saccades, although it may not be able to provide 
precise information on saccade durations or peak velocity as these features 
require higher sampling frequencies (>200Hz) (Duchowski, 2007; Holmqvist and 
Nystrom, 2011; Stuart et al., 2014a).  
The Dikablis uses a dual-camera system, with one monocular infra-red eye 
camera and one fish-eye field camera. With the use of a four point calibration, the 
video output from these cameras are overlaid with a cross-hair provided on the 
video as a spatial view of pupil location. The raw co-ordinate data is derived from 
this cross-hair (Figure 5-1). Overall the Dikablis provided videos of the eye itself, 
the scene and a combination of the two with a cross-hair of pupil location. This 
enabled analysis of the video data using the accompanying D-Lab software, 
which allowed selection of individual frames of the video (gold standard 
reference), so frame by frame analysis was possible. 
 
Figure 5-1 - Example raw data from Dikablis mobile eye-tracker during walking 
5.3.3. Procedure 
Participants walked 5m in a straight line in the gait laboratory. They did this with 
and without a doorframe to walk through and repeated the same task several 
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times for each condition. Eye-movements were tracked during these walks in 
order to provide data on the visual sampling strategies employed by older adults 
and people with PD during a natural everyday task. 
5.3.4. Feature Selection and Evaluation 
Ten videos from each of the subjects (n=10) were visually inspected by a single 
examiner (SS) frame by frame, in order to compare to the algorithm results (100 
videos in total). The number of visually detected saccades during the walking 
trials was recorded and then compared to the number measured by the 
algorithm. To calibrate visual inspection the participants began by making 
saccades between two markers set at 5° distance while sitting static. This was 
viewed and measured by the examiner prior to viewing the walking videos in 
order to provide a reference for the eye-movement distance. 
 
Figure 5-2 – Eye-view camera alignment and co-ordinates (px = pixels) 
 
5.3.5. Detection of visual sampling characteristics via algorithm 
While a full representation the algorithm is presented in Figure 5-3, the following 
details the algorithm used for the mobile eye-tracking data: 
Stage 1: Distance, velocity and acceleration 
Each parameter of interest was calculated for saccades and fixations, via a 
velocity based algorithm developed using MATLAB® 2012a (Mathworks, Natick, 
MA, USA) software. Firstly the algorithm begins by calculating the point to point 
position change of the x and y co-ordinates for each frame in the raw data (Figure 
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5-2), which provides a distance in pixels (1; where t1 and t2 refer to time point 1 
and 2 respectively).  
(1) 
 The velocities (2) and accelerations (3) are then calculated as the change in 
distance and change in velocity from one frame to the next (or previous) (Time 
was measured in milliseconds). 
(2) 
 
(3)  
Stage 2(a): Conversion of pixels to degrees 
The raw eye camera x and y co-ordinate data in pixels (Figure 5-2 and 5-3) was 
then converted to degrees, calculated using the pixel to degree conversion ratio of 
1:0.31 (Table 5-1). 
 
Table 5-1 Eye-View Camera Co-ordinate Conversion 
 Eye view max pixels 
(px) 
Eye view max degrees 
(°) 
Eye view conversion 
(°/px) 
X (horizontal) 384 115 0.30 
Y (vertical) 288 90 0.31 
X + Y 672 205 0.31 
 
Stage 2(b): Removal of data caused by blinking and flicker 
The raw data was filtered using set criteria for blinks and flickers, which were 
based upon the raw co-ordinate data and the velocities of the individual points. 
Blinks (closing of the eye) were classified as any frames that had co-ordinates 
equal to that of the origin (0, 0; Figure 5-2) and flickers (i.e. eye-tracker confusing 
eye-lashes or other black areas for the pupil) were classified as any point to point 
movement with a velocity of over 1000°/sec or acceleration of over 
100,000°/sec². These artefacts were removed from the data before any further 
analysis was performed and linear interpolation was used to fill in gaps after the 
removal of missing data. 
Distance =  √(𝑥𝑡1 − 𝑥𝑡2)2 + (𝑦𝑡1 − 𝑦𝑡2)2 
Velocity = (
Distance
Time
) 
Acceleration = (
Velocity𝑡1 − Velocity𝑡2
Time
) 
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Stage 3: Saccade and fixation detection 
Following calculation of velocities and accelerations for each frame in the raw 
data the algorithm then classified each point above a certain velocity threshold 
(i.e. >240°/sec (5°)) as a saccade. A threshold of above 5° distance was chosen 
due to previous work using the same threshold for eye-tracking with EOG during 
walking (Galna et al., 2012). This threshold was used to rule out most of the 
intrusions from other eye-movements (e.g. VOR) and provide purposeful eye-
movement data which was adaptable depending upon the task (i.e. lower 
threshold for static tasks). If the frame velocity did not reach the velocity threshold 
it was classified as a fixation. An acceleration threshold (i.e. >3,000°/sec²) was 
then employed within the algorithm above which data was classified as a 
saccade and below a fixation. Any saccadic durations longer than 5 frames 
(100ms) were discarded as saccades are not known to occur over this time 
threshold (Holmqvist and Nystrom, 2011), and for similar reasons fixations less 
than 100ms were also discarded. Once the saccade and fixation frames were 
located, the algorithm grouped together fixation and saccade points that were 
next to one another. Saccade distances were then calculated by summing the 
angular displacements of adjacent frames classified as saccades. 
Stage 4: Quantifying saccades and fixations 
Once the visual sampling characteristics had been detected the following 
features were extracted: Saccade number, frequency, velocity, amplitude, 
direction, duration and fixation number, duration and timing (Figure 5-3). Then the 
level of agreement for saccade number between visual inspection and the 
algorithm output was examined.   
Chapter 5: Quantification of saccades during gait in mobile eye-tracking data 
 
81 
 
 
Figure 5-3 - Algorithm Flow Chart 
5.3.6. Data Analysis 
Detection of a saccade via frame by frame video analysis was compared to 
output from the MATLAB® algorithm, with respect to the following criteria: 
 Correct detection: Algorithm saccade detection was marked as correct if it 
was found in the corresponding video (measured via sum of saccades). 
 Undetected: Algorithm saccade detection was marked as undetected if the 
saccade was found in the corresponding video, but not in the algorithm 
output. 
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 Spurious: Algorithm saccade detection was marked as spurious if it was in the 
algorithm output but not in the corresponding video. 
Intra-class Correlations (ICC2,1) were quantified using SPSS (v21) to assess the 
absolute agreement of  overall number of saccades detected by visual inspection 
and the algorithm. ICC2,1 were interpreted as follows: excellent >0.90, good 
≥0.75-0.89, fair ≥0.50-0.74, and poor <0.49 (Rosner, 2006). 
5.4. Results 
The results demonstrate that agreement between the algorithm and visual 
inspection was similar in PD subjects (n=5) (ICC2,1; .940) compared to controls 
(n=5) (ICC2,1; .941).  The algorithm correctly detected an average of 81% of the 
saccades made while walking for controls and 85% for PD. Higher average 
undetected saccades were found for controls (17%) compared to PD (11%), but 
lower average spurious saccades were found for controls (2%) compared to PD 
(4%). 
 
Table 5-2 - Algorithm Performance: Controls 
Participant Control1 Control2 Control3 Control4 Control5 
Saccades – visual inspection* 34 35 23 5 29 
Saccades – algorithm* 31 27 24 3 27 
Correct detections: n (%) 31 (91) 26 (72) 22 (88) 3 (60) 27 (93) 
Undetected: n (%) 3 (9) 9 (25) 1 (4) 2 (40) 2 (7) 
Spurious: n (%) 0 (0) 1 (3) 2 (8) 0 (0) 0(0) 
* Sum of saccades made over 10 trials.  
 
 
 
Table 5-3 - Algorithm Performance: PD 
Participant PD1 PD2 PD3 PD4 PD5 
Saccades – visual inspection* 23 2 15 36 25 
Saccades – algorithm* 21 2 16 28 22 
Correct detections: n (%) 20 (83) 2 (100) 14 (82) 28 (78) 21 (81) 
Undetected: n (%) 3 (13) 0 (0) 1 (6) 8 (22) 4 (15) 
Spurious: n (%) 1 (4) 0 (0) 2 (12) 0 (0) 1 (4) 
* Sum of saccades made over 10 trials. 
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5.5. Discussion 
The present study was developed with the aim of providing and validating a 
simple algorithm for the detection of visual sampling characteristics such as 
saccades within mobile eye-tracking raw data (Figure 5-3). This is fundamental 
for accurate automated evaluation of eye-tracking data obtained within this 
thesis. The major advantage of the mobile eye-tracking data analysis performed 
with the developed algorithm over other algorithms is that it is simple and easily 
implemented (Salvucci and Goldberg, 2000; Salvucci and Anderson, 2001). The 
accuracy of velocity based algorithms has been shown to be lower than other 
algorithms such as dispersion thresholds (Salvucci and Goldberg, 2000; Nystrom 
and Holmqvist, 2010). However, the balance of speed and precision with a 
velocity based algorithm makes it ideal for many applications such as eye-
tracking during dynamic tasks (i.e. analysing eye-tracking data during gait). For 
this study frame by frame visual inspection of the eye movement videos from the 
experimental trials with ten different individuals served as the ground truth for 
evaluating the detection performance of the algorithm (Table 5-2 and 5-3). This 
was similar to previous work which assessed blink number during eye-tracking 
(Pedrotti et al., 2011). 
5.5.1. Robustness across participants 
For the experimental evaluation, participants performed the same walking tasks 
and data were analysed using the same fixed algorithm settings, and compared 
to visual inspection. Under these conditions, the algorithm developed for 
detecting visual sampling characteristics (i.e. saccades) in mobile eye-tracking 
data proved relatively robust, overall correctly detecting 194 out of 227 (85%) 
saccades made by the participants (n=10) during the walks (100 in total), with 33 
undetected and 7 spurious detections (Tables 5-2 and 5-3). The intra-class 
correlation coefficients (ICC2,1) also demonstrated that the algorithm had 
excellent agreement (overall ICC2,1; .937) when compared to the ground truth 
used in this study (visual inspection). For several participants, however lower 
correct detection scores (72-80%) were seen because of more undetected and 
spurious detection in their trials (Tables 5-2 and 5-3). Upon further inspection of 
the raw frame by frame eye movement video data from these participants, it was 
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clear that saccades were undetected due to several issues. One issue is 
flickering of the fixation cross-hair with particular eye-movements (i.e. vertical – 
looking down) and during blinks, a limitation of all infra-red eye-tracking devices 
(Kevin O'Regan et al., 2000; Duchowski, 2007; Holmqvist and Nystrom, 2011). 
These flickers and other data infiltrations would have been picked up in the visual 
inspection but would have been discounted in the algorithm. Another possible 
issue is that Control2, Control4, and PD4 had corrected vision via glasses or 
contact lenses, which are known to impact eye-tracking data quality as they 
cause infra-red light refraction making pupil detection difficult (Holmqvist and 
Nystrom, 2011). The few spurious saccade detections likely occurred due to 
other eye-movements such as VOR infiltrating the data, a problem not 
encountered while recording static eye-tracking. These could further be controlled 
for by recording head movement during walking (Shaikh et al., 2013). However, 
the achieved detection performance seen in this study demonstrates that the 
algorithm is adequate for saccadic eye-movement analysis carried out during the 
walking protocols performed by older adults and people with PD. 
5.5.2. Study Limitations 
One limitation of the current work is that during visual inspection it was difficult to 
accurately measure saccade amplitude. The algorithm detects movement of the 
pupil cross-hair over 5° amplitude (i.e. >240°/sec velocity threshold) and is 
capable of ruling out other movement of the cross-hair via set criteria. During 
calibration the examiner was able to view and measure 5° movement of the cross 
hair made by each participant prior to analysing the walks. However, it remained 
difficult for the examiner to differentiate between movements of slightly lower 
distance using the video/still images alone. This may be why many of the visual 
inspection saccade numbers are higher (Table 5-2). Future work could improve 
this by using a lower velocity threshold (i.e. 2-3° amplitude) (Wass et al., 2013), 
although this may allow further data intrusions from other eye-movements (i.e. 
VOR) in the algorithm output.  
Few studies are available that provide and validate mobile eye-tracker 
algorithms, as testing algorithms against a ground truth (such as visual 
inspection) is time consuming. As a result we had little basis to develop a 
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methodology to evaluate the algorithm within this study. Although visual 
inspection has been used in this study other possibly more appropriate ground 
truth comparisons are possible. For example; comparison to simultaneously 
recorded EOG or recording of eye-movements between targets at set distances 
while walking, which have been carried out in previous static studies (Salvucci 
and Anderson, 2001; Hess et al., 2009). This will build on this initial work allowing 
further validation of visual sampling characteristic detection algorithms in mobile 
eye-tracking data, which is necessary due to the impact algorithms have on 
further analysis (Salvucci and Goldberg, 2000). 
5.6. Conclusion 
This study successfully developed a simple and robust algorithm for detecting 
visual sampling characteristics. This algorithm can detect saccadic eye-
movements from raw mobile eye-tracker data obtained during gait in people with 
PD and older adults.  
 
 
 
 
 
 
Chapter 6: Accuracy and reliability of mobile eye-tracking 
86 
 
6. Accuracy and re-test reliability of mobile eye-tracking in 
Parkinson’s disease and older adults 
6.1. Summary6 
There is currently no ‘gold standard’ visual sampling measurement instrument, 
which is accompanied by a general lack visual sampling device validity or 
reliability reporting, as highlighted in chapter 3. This chapter details a preliminary 
study that was carried out to establish the psychometric properties of the mobile 
eye-tracking protocols used for this thesis. Mobile eye-tracker accuracy and 
reliability was assessed during static (sitting, standing) and gait (on a treadmill) 
protocols in PD and older adults.   
6.2. Introduction 
Eye-tracking provides data regarding the acquisition of visual information through 
visual sampling, which is crucial for the safe and effective performance of many 
real-world activities, such as gait. Both mechanistic and clinical research requires 
accurate and reliable devices. However, the review in chapter 3 highlighted that 
previous studies do not report the accuracy or reliability of their eye-tracking 
devices (Stuart et al., 2014a). This is likely due to a lack of ‘gold-standard’ eye-
tracking device or standardised protocol for comparison. As such, there is sparse 
information regarding the psychometric properties of mobile eye-tracking devices 
in people with PD and controls. 
Previous studies have evaluated the reliability of static eye-tracking devices in 
various clinical populations, measuring saccades for specific phenomena using 
highly specialised study protocols (Klein and Fischer, 2005; Blekher et al., 2009; 
Farzin et al., 2011; Farris-Trimble and McMurray, 2013). For example, Farzin et 
al. (2011) reported that their static eye-tracker (Tobii, T120, 300Hz) was reliable 
in reporting the number and duration of fixations, and pupillary response during a 
seated picture-viewing protocol in Fragile X syndrome patients and controls. 
Similarly, other studies have assessed the reliability of eye-movement 
characteristics measured with static devices but focus on specific assessments 
                                            
6 This study has been published in the Journal of Medical Engineering and Physics 
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such as anti- or pro-saccade tests (Ettinger et al., 2003; Klein and Fischer, 2005; 
Blekher et al., 2009), and attribute reliability differences to disease-related 
influences rather than the device (Blekher et al., 2009). The results of these 
highly specialised protocols are not easily generalised, highlighting the need for 
an easily implemented standardised protocol.  
A previous study reported the accuracy of a desk-mounted Tobii eye-tracker 
(TX300, 300 Hz) was 0.5° when participants were required to walk on a treadmill 
and look at targets at various locations on a screen (Serchi et al., 2014a). The 
static device accounted for head movement as long as participants stayed within 
200cm of the screen and had a high sampling frequency (300Hz). As such, the 
results may not apply to head-mounted mobile eye-tracking devices which 
capture at lower frequencies (i.e. 50-60Hz) but do not require movement of the 
head or person to be restricted (Andersson et al., 2010).   
The previous algorithm study in chapter 5 has shown that by using a velocity-
based algorithm mobile eye-trackers can accurately detect saccades during gait 
(Stuart et al., 2014b), however little is known about the accuracy or reliability of 
specific saccade characteristics (e.g. amplitude) recorded via mobile eye-trackers 
during static or dynamic tasks (Stuart et al., 2014a). This is important as such 
characteristics can inform disease-related impairment. This preliminary study 
aimed to evaluate the accuracy and re-test reliability of a Dikablis mobile eye-
tracker in the measurement of saccade amplitude in people with PD and controls 
when sitting, standing and walking. There is a lack of information regarding the 
accuracy or reliability of mobile eye-tracking devices, therefore this study 
developed a simple protocol using visual targets placed at set distances which 
could be used to evaluate other devices and across different populations. 
6.3. Specific Methods 
6.3.1. Participants  
Fourteen people with PD along with twenty age-matched controls from the 
primary study took part in this investigation. For inclusion and exclusion criteria 
see chapter 4. PD participants were tested on the peak dose of their anti-
Parkinson’s medication.  
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6.3.2. Equipment   
Dikablis Mobile Eye-tracker 
A Dikablis mobile eye-tracker (50Hz) measured saccade amplitude (the distance 
between two fixations), which has an adequate sampling frequency to detect 
saccades (Holmqvist and Nystrom, 2011; Stuart et al., 2014b). The system was 
used in the same manner within the previous sub-study and calibrated using the 
manufacturer’s four-point procedure (Figure 6-1) for each participant before data 
acquisition (Stuart et al., 2014b). Calibration was performed on the same testing 
board that the study protocol was to be conducted on in order to avoid parallax 
error. 
 
Figure 6-1 - Calibration board and procedure  
[Participants were seated and had a chin rest in place, and were then asked to 
move only their eyes to look at the targets on the board (65cm square) starting at 
the bottom left target and continuing in a clockwise direction] 
 
Monitoring Head Movement 
Head and eye-movements are interdependent (Freedman, 2001), as such head 
movement can impact saccade amplitude measurement when the head is 
unconstrained (Proudlock et al., 2004). Therefore, head movement was recorded 
using a tri-axial accelerometer (Axivity AX3, York, 100Hz) fixed to the Dikablis 
head-unit to examine whether head movement affected the findings.   
6.3.3. Protocol 
The study consisted of two sessions, carried out approximately one week apart. 
Accuracy was assessed using data from session 1 and re-test reliability was 
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assessed using data from both sessions. Prior to testing, participants underwent 
demographic, clinical and cognitive assessments (MoCA and MMSE).  
6.3.4. Accuracy (session 1) 
Accuracy of saccade amplitude was examined by tracking eye-movements as 
participants looked between two targets placed at set distances (5°, 10° and 15°, 
Figure 6-2) in time with a metronome (1 Hz) for 20 seconds.  
Highly salient targets (coloured red and yellow to attract visual attention) were 
placed on a white board 200cm from the participant, with the fixed central target 
at eye-level (Figure 6-2). There were only two targets visible to the participants 
during each trial. A maximal target distance of 15° was chosen because most 
naturally occurring saccades occur within this range (Bahill et al., 1975). Beyond 
15°, co-ordinated eye-head movement is required (Maurer et al., 2001). A brief 
(30 second) rest was permitted at the end of each trial to avoid the effect of 
fatigue, as previous studies have reported that fatigue occurs after a sequence of 
36 seconds of eye-movements (Wilson et al., 1992). 
Eye-Movement Procedure: 
A peripheral target was placed on the board and participants were instructed to 
move their fixation from the central target to the peripheral target (Figure 6-2). 
Order of conditions was as follows: 
1) Horizontally: 5°, 10°, 15° 
2) Vertically: 5°, 10°, 15° 
Tasks: 
The eye-movement procedure was repeated during: 
1) Static sitting (with a chin rest; restricted head movement) 
2) Static standing (asked to not move their head; self-restricted head movement)  
3) Walking on a treadmill (Force Link, Netherlands) (head movement permitted). 
Treadmill speed was set to 80% of that achieved during a 10m walk test 
carried out at the start of the session. One of the assessors provided verbal 
feedback to ensure participants stayed 2m from the test board, this ensured 
that the angles of eye movements were not influenced.   
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Figure 6-2 - Diagram illustrating the testing board used during sitting, standing 
and walking 
 
6.3.5. Reliability 
To assess re-test reliability, the same protocol described in section 6.3.4 was 
repeated approximately one week later (Mean: 7, SD: 2 days). All testing 
conditions were kept as consistent as possible, with trials conducted by the same 
researcher (SS) using the same procedure, instructions and testing sequences.  
6.3.6. Older Adult without Visual Correction  
To assess potential influence of visual correction (i.e. glasses or contact lenses) 
on accuracy and reliability, a subset of 10 control participants with no visual 
correction was re-analysed (Table 6-6). 
6.4. Data Processing and Analysis  
6.4.1. Eye and Head Movement 
Saccade amplitude and head movement were derived using a validated velocity-
based algorithm (MATLAB® 2012a, Mathworks, Natick, MA, USA) (Stuart et al., 
2014b). To quantify the effect of head movement on saccade amplitude, raw 
vertical and horizontal eye position data was compared to medio-lateral and 
superior-inferior head accelerations using cross-correlations (peak-correlation) as 
a measure of combined eye-head movement (Lee, 1999; Pelz et al., 2001; 
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Kavanagh et al., 2004; Kavanagh and Menz, 2008). Head accelerations were 
low-pass filtered using a 4th order 30Hz Butterworth filter (Kavanagh et al., 2004; 
Kavanagh et al., 2005).  
6.4.2. Statistical Analysis 
Statistical analysis was performed using SPSS (v21). Data were assessed for 
normality using Kolmogorov–Smirnov tests. Between groups (PD and control) 
comparison of saccade amplitude was not performed as this was not the focus of 
this study. 
As a majority of variables were non-normally distributed, intra-class correlation or 
Bland-Altman plots were not calculated. Instead, accuracy is described in terms 
of the bias and consistency of saccades. Bias was determined by subtracting 
known target distance from median saccade amplitude measured using the eye-
tracker (median saccade amplitude – target distance). Consistency was 
calculated as the range (Maximum - Minimum) of error between the measured 
and target saccade amplitude across participants. 
Re-test reliability was described using the median and range of between-session 
difference (median session 2 – median session 1), and formally tested using a 
series of Wilcoxon signed-rank tests for each target amplitude. Relative 
agreement between the two sessions was assessed using Spearman’s rho 
correlations. Correlation coefficients were interpreted as follows: excellent >0.90, 
good ≥0.75-0.89, fair ≥0.50-0.74, and poor <0.49 (Rosner, 2006). A threshold of 
p<0.05 was used to guide interpretation. 
6.5. Results 
6.5.1. Demographics 
Participant characteristics are described in Table 6-1. Several participants 
(control n=2, PD n=1) were unable to complete session 2 but their data was 
retained for the accuracy analysis. There were no significant differences in age, 
sex or education level of the groups. Participants wore any visual correction that 
they usually wore to walk during testing, with significantly more PD participants 
wearing visual correction (p = 0.03). The PD group had moderate motor 
symptoms as assessed using the UPDRS-III and H&Y scale. 
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6.5.2. Eye and Head Movement 
Low cross-correlation coefficients indicated that head movement did not influence 
saccade amplitude (r ranged from 0.01 to 0.12 for walking; see Appendix 14.0). 
As such, standing and walking head movement data was not included in further 
analyses. The poor correlations were likely due to the maximum target distance 
of 15°, as saccades greater than 20° are needed to elicit combined eye-head 
movement (Gandhi and Sparks, 2001; Crawford et al., 2003). 
 
Table 6-1 - Demographics 
Characteristic Controls (n=20) 
 
 median (range) 
Parkinson’s disease 
(n=14) 
 median (range) p 
Age (yrs)  68.5 (51, 86) 68.0 (61, 81) .88 
Sex, n (%)    
Men 12 (60%) 9 (64%) 
.85† 
Women 8 (40%) 5 (36%) 
Height (cm)  170.5 (143, 184) 168.5 (150, 183) .85 
Weight (kg) 72.9 (58, 101) 78.3 (51, 107) .36 
Glasses, n (%)    
None 10 (50%) 2 (14.2%) - 
Bifocals 2 (10%) 4 (28.6%) - 
Varifocals 4 (20%) 4 (28.6%) - 
Contact lenses 3 (15%) 0 (0%) - 
Distance 1 (5%) 4 (28.6%) - 
Glasses Worn During Testing 10 (50%) 12 (86%) .03* 
MMSE 30 (26, 30) 29 (24, 30) .26 
MoCA 28 (21, 30) 27 (23, 30) .42 
Years of Education 13 (7, 20) 12 (10, 19) .31 
H & Y stage (n) - I (4), II (8), III (2) - 
UPDRS-III - 34.5 (8, 63) - 
10m Walk (sec) 7.73 (5.97, 13.84) 8.14 (6.01, 13.73) .55 
Walk speed (km/hr) 4.67 (2.61, 6.05) 4.43 (2.63, 6.01) .58 
[MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; UPDRS-III: Unified 
Parkinson’s disease Rating Scale – motor symptoms, H & Y stage: Hoehn and Yahr stage *: p<.05, † X2] 
 
6.5.3. Accuracy 
Overall, saccade amplitude consistently increased with increasing target distance 
(Tables 6-2 and 6-3). In relation to overall accuracy, a bias of -1.23° and -1.17° 
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was observed for PD and control participants respectively. However, a poor 
consistency (large range of error between participants) was observed within each 
group (PD: -7.48° to 5.18°; control: -7.73° to 5.81°), which was dependent upon 
target distance (5°, 10° and 15°) and direction (horizontal or vertical). Task 
(sitting, standing and walking) did not significantly affect accuracy. 
The magnitude of bias was related to the magnitude of eye-movement, whereby 
participants tended to ‘undershoot’ when looking between targets set 10° and 15° 
apart. This was consistent for all tasks and for both groups. In addition, the range 
of error was greatest for the larger saccades (10° and 15°).  
Bias was also related to saccade direction (horizontal, vertical), such that 
participants undershot the target distance considerably more when performing 
vertical compared to horizontal saccades. 
6.5.4. Reliability 
Overall, the median difference (session 2 – session 1) in saccade amplitude was 
low in both groups (PD; -0.14°, Controls; 0.02°, Tables 6-2 and 6-3). Similarly, the 
median difference for the individual tasks and amplitudes (Tables 6-2 and 6-3) 
was low (<1°). Only one variable (Controls; walking, horizontal, 15°) showed a 
significant difference between the sessions (p=0.02) but the median difference 
was still low (-0.95°). However, there was a wide range of difference between 
sessions across the participants (-12.60° to 16.75°). Relative agreement varied 
greatly from poor to good (rho range: 0.14, 0.85). The test condition did not have 
a consistent influence on bias or relative agreement. In contrast, larger saccades 
were associated with a greater range of change between sessions. 
6.5.5. Influence of Visual Correction 
Greater accuracy and re-test reliability results were found in the sub-set of 
controls with no vision correction (Tables 6-2 and 6-4). With regards to accuracy, 
median bias from target reduced from -1.17° to -1.15° and error was more 
consistent across the participants. Median difference in saccadic amplitude 
between sessions (reliability) was similar but the between-person range was 
much smaller. Modest improvements were also seen in the relative agreement 
between sessions when considering people who did not use visual correction.  
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Table 6-2 – Accuracy (session 1) and re-test reliability (comparison between session 1 and session 2): Controls 
  Accuracy (Session 1) – Saccade Amplitude (°) Re-test Reliability (Session 2 – Session 1) – Saccade Amplitude (°) 
  
Median (Min, Max) #1 Bias Range of Error Median (Min, Max) #2 Median Difference Range of Difference p 
 
Task Direction ° Spearman’s rho (p) 
Sitting Horizontal 5 5.69 (4.84, 9.56) 0.69 -0.16, 4.56 5.96 (4.41, 8.08) -0.03 -5.51, 2.20 0.98 .42 (.07) 
  10 10.23 (7.66, 13.18) 0.23 -2.34, 3.18 9.87 (8.59, 13.50) -0.09 -8.28, 3.35 0.60 .35 (.14) 
  15 12.71 (9.87, 14.52) -2.29 -0.13, 4.52 13.28 (10.93, 14.71) 0.45 -11.76, 2.03 0.27 .20 (.42) 
 Vertical 5 4.88 (4.05, 7.00) -0.12 -0.95, 2.00 5.13 (4.05, 21.09) 0.21 -7.00, 16.75 0.14 .34 (.16) 
  10 7.42 (6.20, 11.77) -2.58 -3.80, 1.77 7.74 (6.34, 20.90) 0.07 -6.52, 12.53 0.32 .27 (.27) 
  15 9.55 (7.27, 13.70) -5.45 -7.73, -1.30 9.84 (7.85, 20.70) 0.26 -8.37, 12.15 0.29 .27 (.38) 
Median  - -1.21 -7.73, 4.56 - - - - - 
Standing Horizontal 5 6.16 (4.77, 10.81) 1.16 -0.23, 5.81 6.38 (4.98, 9.76) -0.22 -6.23, 4.64 0.90 .48 (.30) 
  10 10.01 (4.77, 10.81) 0.01 -5.23, 4.77 10.57 (8.48, 14.46) 0.39 -7.92, 2.62 0.55 .36 (.13) 
  15 12.68 (10.51, 14.77) -2.32 -4.49, -0.23 13.22 (10.91, 13.99) 0.06 -11.69, 2.83 0.81 .21 (.39) 
 Vertical 5 5.15 (3.98, 10.38) 0.15 -1.02, 5.38 4.98 (4.05, 15.96) -0.27 -4.65, 11.13 0.35 .30 (.21) 
  10 7.55 (5.81, 11.97) -2.45 -4.19, 1.97 7.58 (5.95, 19.03) 0.32 -6.22, 11.32 0.11 .61 (.005) 
  15 10.17 (7.96, 12.00) -4.83 -7.04, -3.00 9.79 (7.11, 21.15) -0.36 -8.68, 9.16 0.89 .66 (.002) 
Median  - -1.16 -7.04, 5.81 - - - - - 
Walking Horizontal 5 5.41 (4.68, 8.16) 0.41 -0.32, 3.16 5.81 (4.30, 9.60) 0.21 -5.59, 4.92 0.07 .30 (.28) 
  10 9.59 (7.02, 14.48) -0.41 -2.98, 4.48 9.44 (7.33, 13.79) -0.55 -8.71, 3.05 0.88 .26 (.29) 
  15 13.07 (9.55, 14.37) -1.93 -5.45, -0.63 11.96 (10.25, 13.41) -0.95 -12.60, 3.51 0.02* .14 (.57) 
 Vertical 5 4.93 (4.46, 7.24) -0.07 -0.54, 2.24 5.22 (4.17, 7.53) -0.04 4.90, 2.97 0.34 .53 (.24) 
  10 7.22 (5.52, 9.35) -2.78 -4.28, -0.65 7.43 (5.86, 9.12) -0.09 -6.67, 2.10 1.00 .45 (.06) 
  15 10.21 (7.87, 12.01) -4.79 -7.13, -2.99 10.63 (7.93, 12.06) 0.10 -8.22, 2.86 0.32 .75 (.001) 
Median  - -1.17 -7.13, 4.48 - - - - - 
Group Median  - -1.17 -7.73, 5.81 - 0.02 -12.60, 12.53 - - 
[*Significance level p<0.05, Degrees (⁰), Horizontal or vertical and 5, 10 or 15 = Target location, #1 = session 1 and #2 = session 2, Median difference = Median #2 – Median #1]  
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Table 6-3 – Accuracy (session 1) and re-test reliability (comparison between session 1 and session 2): Parkinson’s disease 
 
 
  Accuracy (Session 1) – Saccade Amplitude (°) Re-test Reliability (Session 2 – Session 1) – Saccade Amplitude (°) 
  
Median (Min, Max) #1 Bias 
Range of 
Error Median (Min, Max) #2 
Median 
Difference Range of Difference p 
 
Task Direction ° Spearman’s rho (p) 
Sitting Horizontal 5 5.81 (4.45, 6.74) 0.81 -0.55, 1.74 6.10 (4.99, 7.74) 0.05 -5.18, 3.19 0.27 .17 (.59) 
  10 9.52 (7.02, 13.40) -0.48 -2.98, 3.40 9.80 (7.59, 12.69) -0.25 -9.08, 2.88 0.89 .51 (.07) 
  15 12.31 (8.80, 14.98) -2.69 -6.20, -0.02 12.56 (10.24, 14.01) -0.02 -11.40, 2.42 0.91 .37 (.29) 
 Vertical 5 4.81 (4.03, 6.26) -0.19 -0.97, 1.26 4.76 (4.05, 6.87) -0.29 -4.51, 2.12 0.36 .14 (.65) 
  10 7.31 (6.01, 9.00) -2.69 -3.99, -1.00 7.00 (6.04, 10.84) -0.55 -6.97, 2.62 0.69 .64 (.18) 
  15 9.34 (7.80, 11.70) -5.66 -7.20, -3.30 9.25 (7.89, 11.19) -0.31 -8.65, 1.23 0.46 .67 (.01) 
Median  - -1.59 -7.20, 3.40 - - - - - 
Standing Horizontal 5 5.94 (4.81, 10.18) 0.94 -0.19, 5.18 6.05 (4.32, 7.59) -0.13 -5.32, 1.37 0.73 .76 (.002) 
  10 10.13 (8.20, 12.08) 0.13 -1.80, 2.08 10.28 (6.91, 13.50) -0.21 -9.53, 2.23 0.24 .85 (.000) 
  15 12.20 (9.90, 13.62) -2.80 -5.10, -1.38 12.50 (10.13, 17.47) 0.45 -10.63, 5.03 0.15 .64 (.02) 
 Vertical 5 4.79 (4.25, 5.53) -0.21 -0.75, 0.53 4.56 (3.91, 11.08) -0.08 -4.58, 6.63 0.37 .38 (.20) 
  10 8.02 (6.10, 12.25) -1.98 -3.90, 2.25 7.52 (6.08, 10.14) -0.41 -6.63, 1.42 0.51 .38 (.20) 
  15 9.82 (7.54, 11.91) -5.18 -7.46,  -3.09 9.11 (7.19, 12.54) -0.75 -8.65, 1.10 0.10 .50 (.08) 
Median  - -1.10 -7.46, 5.18 - - - - - 
Walking Horizontal 5 5.62 (4.65, 9.90) 0.62 -0.35, 4.90 5.58 (4.95, 6.24) -0.01 -5.15, 0.91 0.62 .20 (.51) 
  10 9.70 (6.29, 12.94) -0.30 -3.71, 2.94 9.93 (7.99, 13.00) 0.15 -8.82, 2.11 0.20 .63 (.02) 
  15 12.38 (8.53, 13.82) -2.62 -6.47, -1.18 12.92 (11.09, 15.67) 0.23 -11.40, 5.24 0.16 .14 (.65) 
 Vertical 5 4.80 (4.35, 6.98) -0.20 -0.65, 1.98 4.68 (4.32, 5.77) -0.15 -4.45, 0.72 0.10 .44 (.13) 
  10 7.37 (5.92, 10.28) -2.63 -4.08, 0.28 6.95 (5.83, 16.30) -0.11 -6.63, 6.55 0.67 .45 (.13) 
  15 10.06 (7.52, 12.31) -4.94 -7.48, 2.31 9.52 (7.28, 11.67) -0.27 -8.68, 1.45 0.21 .80 (.001) 
Median  - -1.46 -7.48, 4.90 - - - - - 
Group Median  - -1.23 -7.48, 5.18 - -0.14 -11.40, 5.24 - - 
Overall Median  
(PD and Controls) 
 
- -1.21 -7.73, 5.81 - -0.09 -12.60, 16.75 - - 
[*Significance level p<0.05, Degrees (⁰), Horizontal or vertical and 5, 10 or 15 = Target location, #1 = session 1 and #2 = session 2, Median difference = Median #2 – Median #1] 
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Table 6-4 – Accuracy (Session 1) and re-test reliability (comparison of Session 1 and Session 2) of controls with no vision 
correction (n=10) 
  Accuracy – Saccade amplitude (°) Re-test Reliability (Session 2 – Session 1) – Saccade Amplitude (°)  
  
 
° 
Session 1 
Median (Min, Max) Bias Range of Error 
Session 2 
Median (Min, Max) Median Difference Range of Difference p 
 
Task Direction  Spearman’s rho 
(p) 
Sitting Horizontal 5 5.58 (4.84, 7.48) 0.58 -0.16, 2.48 5.91 (5.21, 6.98) 0.24 -0.52, 1.34 0.14 .29 (.42) 
  10 9.86 (7.66, 12.35) -0.14 -2.34, 2.35 9.48 (8.59, 13.50) -0.09 -2.87, 3.35 1.00 .89 (.05) 
  15 13.13 (9.87, 14.52) -1.87 -5.13, -0.48 12.78 (10.93, 14.54) 0.27 -2.10, 1.63 0.95 .33 (.35) 
 Vertical 5 4.75 (4.05, 5.35) -0.25 -0.95, 0.35 4.88 (4.05, 5.42) 0.04 -0.83, 0.94 0.36 .13 (.73) 
  10 6.76 (6.20, 9.03) -3.24 -3.80, -0.97 7.42 (6.40, 9.00) 0.43 -2.30, 1.78 0.26 .83 (.08) 
  15 9.14 (7.27, 10.88) -5.86 -7.73, -4.12 9.70 (7.85, 11.44) 0.64 -1.04, 1.43 0.07 .76 (.01) 
 Median  - -1.06 -7.73, 2.48 - - - - - 
Standing Horizontal 5 5.97 (4.77, 7.17) 0.97 -0.23, 2.17 5.89 (4.98, 7.47) 0.23 -0.56, 1.44 0.38 .77 (.009) 
  10 10.01 (7.98, 14.42) 0.01 -2.02, 4.42 10.41 (8.48, 12.61) 0.20 -2.59, 2.62 0.84 .32 (.36) 
  15 12.80 (10.85, 14.77) -2.20 -4.15, 4.77 13.20 (10.91, 13.84) -0.06 -1.42, 1.96 0.92 .20 (.59) 
 Vertical 5 4.76 (3.98, 6.10) -0.24 -1.02, 1.10 4.92 (4.05, 5.57) 0.12 -1.06, 1.18 0.88 .17 (.65) 
  10 6.57 (5.81, 8.16) -3.43 -4.19, -1.84 7.04 (5.95, 8.32) 0.32 -1.27, 1.61 0.26 .53 (.12) 
  15 9.55 (7.96, 11.12) -5.45 -7.04, -3.88 8.82 (7.11, 10.43) -0.48 -2.89, 0.70 0.15 .43 (.21) 
 Median  - -1.22 -7.04, 4.77 - - - - - 
Walking Horizontal 5 5.40 (4.80, 5.77) 0.40 -0.20, 0.77 5.76 (4.30, 6.13) 0.09 -4.80, 0.82 0.37 .40 (.28) 
  10 9.93 (7.02, 14.30) -0.07 -2.98, 4.30 8.86 (7.33, 13.23) -0.63 -8.37, 2.30 0.40 .23 (.56) 
  15 13.85 (10.46, 14.37) -1.15 -4.56, 4.37 12.47 (10.82, 13.41) -1.19 -10.49, 0.12 0.01* .43 (.25) 
 Vertical 5 4.81 (4.58, 7.24) -0.19 -0.42, 2.24 5.24 (4.17, 6.11) 0.19 -4.90, 0.72 0.40 .44 (.24) 
  10 7.14 (4.58, 7.24) -2.86 -5.42, -2.76 6.83 (5.86, 8.05) -0.09 -6.29, 0.95 0.35 .42 (.27) 
  15 9.97 (7.87, 10.89) -5.03 -7.13, -4.11 9.21 (7.93, 11.08) 0.04 -8.01, 0.84 1.00 .74 (.02) 
Median  - -0.67 -7.13, 4.37 - - - - - 
Group Median  - -1.15 -7.73, 4.77 - 0.11 -10.49, 3.35 - - 
[*Significance level p<0.05, Degrees (⁰), Horizontal or vertical and 5, 10 or 15 = Target location, #1 = session 1 and #2 = session 2, Median difference = Median #2 – Median #1]
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6.6. Discussion  
To date, this is the first study to examine accuracy and reliability of a mobile eye-
tracker in people with PD and controls. The results provide evidence that mobile 
eye-trackers can measure saccade amplitude in people with PD and controls 
although the accuracy and reliability depend on several factors. These findings 
contribute to the development of novel protocols for establishing the 
psychometric properties of mobile eye-tracking devices.  
6.6.1. Accuracy  
Median saccade amplitude, as measured by the mobile eye-tracker, increased 
with increasing target distance (Tables 6-2 and 6-3). This indicates that the 
mobile eye-tracker can discern change in saccade amplitude. However, the 
measured saccade amplitudes were smaller than target distance (5°, 10° or 15°), 
especially for larger and vertical saccades. In addition, bias was inconsistent 
across the participants, especially for larger saccades.  
Although the previous chapter (Chapter 5) has shown that the Dikablis mobile 
eye-tracker can accurately detect saccade occurrence (Stuart et al., 2014b), this 
study indicates saccade amplitude may not be measured with the same degree 
of certainty. This suggests that saccade detection outcomes (number or 
frequency) may be more robust than saccade amplitude. Regardless, the overall 
bias (median -1.21°) and range of error (-7.73° to 5.81°) is acceptable for certain 
protocols, such as dynamic protocols involving saccade detection which often 
use a minimum threshold of ≥5° saccade amplitude (Galna et al., 2012) to 
account for artefact error (e.g. vestibular ocular-reflex) (Stuart et al., 2014b). 
However, this degree of accuracy may not be acceptable for protocols where 
precision of large saccade amplitude is important.  
6.6.2. Reliability 
Re-test reliability varied across conditions and participants. Although the median 
difference between sessions was low (<1°), the difference ranged from -12.60° to 
16.75° across participants. Similarly, relative agreement ranged from poor to 
good between conditions (rho; 0.14 to 0.85). Variable reliability indicates that 
saccade amplitude measurement may not be stable over time and is likely due to 
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several sources of error, which are discussed in the next section. Until robust 
protocols are developed which are stable over time, this study cannot 
recommend saccade amplitude as a reliable outcome when using a mobile eye-
tracker across multiple assessments. 
6.7. Potential Challenges and Recommendations 
Error affecting the accuracy and reliability of the mobile eye-tracker stems from 
technological, human and study protocol factors. A better understanding of these 
sources of error is important for design of future protocols and devices. 
6.7.1. Technology Factors 
Manufacturer reported accuracy (0.5°) was not observed in this study. In contrast, 
a previous preliminary study (involving four young adults) using a static eye-
tracker (Tobii, TX300; 300Hz) during treadmill walking reported eye-tracker 
accuracy was consistent with manufacturer specifications (0.5°) regardless of 
target locations or saccade amplitude (Serchi et al., 2014a; Serchi et al., 2014b). 
Overlooking the preliminary nature of the referenced study (Serchi et al., 2014a), 
inconsistency between the current study and this previous report may be due to 
the lower sampling frequency of the mobile eye-tracker used in this study (50Hz) 
compared to the static device (300Hz) (Andersson et al., 2010). A sampling 
frequency of 50 Hz enables saccade detection (Holmqvist and Nystrom, 2011), 
but higher frequency (>200Hz) devices may be more accurate at reporting 
specific saccade characteristics (Stuart et al., 2014a). For example; a sampling 
frequency of 50 Hz assumes that the eye is in a fixed location for 20ms (50Hz) 
whereas a higher frequency system (1000Hz) assumes this for only 1ms, 
providing better temporal accuracy and more eye position data (Andersson et al., 
2010; Holmqvist and Nystrom, 2011). Therefore, a mobility-resolution trade-off 
exists. Higher sampling frequency of static devices may offer improved accuracy 
and reliability but in order to use them, studies must limit participant mobility 
during dynamic tasks. That is, participants must walk on a treadmill and be at a 
set distance from visual targets (Serchi et al., 2014a), limiting the tasks and 
context within which vision can be measured. However, protocols which limit 
mobility can limit validity of the characteristics measured (Nevalainen and 
Sajaniemi, 2004). For example, restricted head movements during static 
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protocols may facilitate abnormal visual processing, seen through alterations in 
saccade responses (van Stockum et al., 2013).  
Some bias may be due to eye curvature induced error (Zhiwei and Qiang, 2007). 
The eye, in particular the cornea, is a convex curved lens with a horizontal 
movement range of ~100° and vertical range of ~90° (Botha et al., 2008). As 
previously mentioned, many eye-trackers locate the pupil via the black pixels 
recorded by an infra-red eye-camera and uses specific circular pupil shape 
parameters to derive the pupil centre. Depending upon the location of the eye-
camera in relation to the eye, the pupil shape will appear as an ellipse and 
therefore the circular pupil shape parameters would lead to inaccurate tracking. 
This is most relevant for large saccades, where the person is looking furthest 
from the camera.  The Dikablis eye-tracker used in this study demonstrated such 
an error by recording an ‘undershoot’ for all targets at 15° and may have 
contributed to the poorer accuracy seen for 15° saccades. This error could be 
controlled for in future technology with the use of convex cost function algorithms 
(De Santis and Iacoviello, 2009) or corneal reflection tracking (Mele and Federici, 
2012), which would provide further means of tracking eye-in-head movements 
(Hennessey and Lawrence, 2009) and control for pupil tracking errors (Li et al., 
2008). 
6.7.2. Human Factors 
6.7.3. Visual Correction and Obstruction of the Eye 
Pupil tracking may have been compromised by a number of general eye-tracker 
issues, such as inaccuracies due to poor calibration (Nystrom et al., 2013) by the 
researcher, long or drooping eye lashes/lids (i.e. ptosis), infra-red refraction due 
to visual correction (e.g. glasses), obstruction by hair and any slippage of the 
‘one-size-fits-all’ eye-tracker from original placement when recording (Holmqvist 
and Nystrom, 2011). During the data collection eye lids/lashes and visual 
correction (particularly bi-focal glasses) were observed as the main cause of 
error, particularly for vertical saccades and large saccades of any direction. 
These challenges are inherent to any infra-red eye-tracking device and although 
some can be controlled within an experiment, many are dependent upon the 
researcher’s ability to identify and address these issues on an individual basis. 
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For example, using double sided tape to minimise slippage of the device and 
requesting participants not wear make-up around the eye where to ways which 
anecdotally improved accuracy. 
The impact of visual correction on the accuracy and re-test reliability was also 
assessed by looking at a subset of 10 controls who wore no visual correction 
(Table 6-4). The results showed that the accuracy and reliability were better in 
individuals who did not use visual correction, likely due to visual correction 
affecting pupil detection via infra-red refraction (Holmqvist and Nystrom, 2011). 
Unfortunately, exclusion of participants with visual correction may not be 
appropriate when selecting participants for research studies, particularly with 
groups likely to have increased use of visual correction such as older adults. 
Therefore, the negative effect of visual correction on eye-tracker accuracy and 
reliability must be considered when designing robust protocols and is a challenge 
which still needs to be addressed by manufacturers of the next generation of eye-
trackers.  
6.7.4. Attention 
Participant saccades were voluntary and therefore involved attention (top-down) 
which is influenced by internal factors (Baluch and Itti, 2011) and may have 
affected amplitude results. Factors such as level of fatigue between sessions 
(Faber et al., 2012), ethnicity of participants (Blignaut and Wium, 2014), prior 
knowledge of testing protocols (learning effect) (Kim and Rehder, 2011), 
individual emotional state (Oatley et al., 2011) and motivation (Kaplan et al., 
2012) could all have influenced saccade measures. Future studies could control 
for such factors by investigating saccade latencies compared to auditory signal, 
or quantifying total saccade number to compare to a set amount (i.e. 20 
saccades within 20 seconds).  
In addition, this study did not consider the inhibition of return mechanism whereby 
a person orientates their attention to novel locations and stimuli, as the target 
appearance, location and saliency (t Hart et al., 2013) remained the same. Once 
a peripheral location is foveated (fixated on) there is a delayed response in 
returning attention to subsequent stimuli in the same location (Klein, 2000). 
Programming of the next saccade occurs even before the previous saccade is 
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completed (McPeek et al., 2000), therefore introducing a time constraint (1 
second) and using the same targets/locations may have led to inaccuracies in 
saccade programming and execution. Therefore, some of the error observed in 
this study may have been due to inaccurate saccades rather than error 
introduced by the mobile eye-tracker. 
6.8. Study Protocol Limitations  
Future work should address the limitations of this study to establish a ‘gold 
standard’ accuracy and reliability method that can be applied to differing devices 
and various populations. Novel peripheral targets in varying locations which 
require reflexive (involuntary) saccades should be used, with variations on 
saccadic timings. For example; a light board or computer-based programme 
where objects or targets randomly appear (similar to that used by Serchi et al. 
(2014a) for their static eye-tracker) could be used with mobile devices. Future 
studies could also examine the impact of combined eye-head movement on 
saccade amplitude accuracy, particularly for larger saccades (>20°) where 
coordinated eye-head movement is required.  
6.9. Conclusion 
This study found that the Dikablis mobile eye-tracker had variable accuracy and 
reliability when recording saccade amplitude in people with PD and older adult 
controls during sitting, standing and walking. Importantly for this thesis, accuracy 
was acceptable for certain protocols such as saccade detection during gait, but 
more precision may be necessary when investigating specific saccade 
characteristics.  
Accuracy and reliability of saccade amplitude was affected by use of visual 
correction (e.g. glasses and contact lenses) and should therefore be considered 
when reporting differences measured via infra-red mobile eye-trackers, 
particularly with groups of older adults given the increased prevalence of visual 
correction. In addition, several technological, human and study-specific factors 
need to be addressed to achieve more robust testing protocols. Devices with high 
sampling frequencies (>200Hz) that do not rely on infra-red pupil detection (such 
as EOG) may provide a more accurate means to gather specific visual sampling 
characteristics such as saccade amplitude.
Tan ɵ = O/A 
e.g. Tan 5° = O/2000mm 
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7. Visual sampling during gait in Parkinson’s disease: 
attentional manipulation 
7.1. Summary 
The purpose of this chapter was to investigate visuo-cognition in gait in a large 
group of people with PD and older adult controls. Saccade frequency and gait 
were assessed during attentional manipulation. Bivariate correlational analyses 
were used to examine the interactions between cognition and vision (termed 
visuo-cognition) (Figure 2-1(C)), and underlying mechanisms involved in the 
impairment of saccade frequency during gait. Finally, further bivariate analysis 
was used to explore visuo-cognitive influence (represented by saccade 
frequency) on gait in PD (Figure 2-1(D)).  
7.2. Introduction 
Saccades provide a non-invasive online behavioural measure of visuo-cognition 
(Leigh and Kennard, 2004). Saccade frequency (the number of fast eye 
movements per second) during gait in particular is a clinically relevant measure 
that describes the amount of visual sampling employed when walking, and 
impairment may lead to trips or falls. Between group differences in saccade 
frequency during gait reflect altered visuo-cognitive processing, and may be a 
particularly sensitive measure in PD due to the known visual, cognitive and 
saccadic impairments. However saccade frequency during gait is likely impacted 
by a number of age-related or pathological impairments, which may elicit non-
linear response within specific populations under different conditions. Saccades 
have been related to a variety of demographic (as well as cognitive and visual) 
features during static and dynamic conditions, such as age (Munoz et al., 1998; 
Butler et al., 1999; Peltsch et al., 2011; Bowling et al., 2015), ocular-motor control 
(Crowdy et al., 2000), depression (Sweeney et al., 1998; Shafiq-Antonacci et al., 
1999; Jazbec et al., 2005), fear of falling (Turano et al., 2002; West et al., 2011; 
Young and Hollands, 2012), visual functions (Kulikowski, 1971; Ko et al., 2010) 
and cognition (Liversedge and Findlay, 2000). Saccadic impairments are well 
recognised in PD (Anderson and MacAskill, 2013) and during dynamic tasks such 
as gait, various visual sampling impairments have been found in small cohorts of 
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PD and older adults (described in chapter 3), however underlying mechanisms 
remain unclear. Altered visual sampling during gait has been hypothesised to be 
an attempt to compensate for underlying visual, cognitive and motor deficits 
associated with PD. For example; reduced saccade latencies and longer fixation 
durations during gait in PD (Anastasopoulos et al., 2011; Lohnes and Earhart, 
2011) may be needed due to increased visual processing times required for 
motor programming, which attention is unable to expedite due to resources being 
preferentially allocated to maintaining gait (Lee et al., 2003). However saccadic 
differences are likely due to a number of underlying visuo-cognitive interactions 
yet to be fully investigated even during static testing, such as; imbalance between 
the dopaminergic (mainly voluntary saccades) and cholinergic (mainly reflexive 
saccades) systems (Noudoost and Moore, 2011), abnormal frontal processes 
involved in saccade facilitation influencing the SC, fluctuations of inhibitory 
mechanisms or facilitation from other regions such as the frontal and 
supplementary eye-fields (Terao et al., 2011; van Stockum et al., 2011b; van 
Stockum et al., 2012; Terao et al., 2013; van Stockum et al., 2013). The fronto-
striatal attentional pathway (involving the PFC and BG) is particularly involved in 
voluntary saccade generation and inhibitory influence on the SC (O'Callaghan et 
al., 2013), with implications for PD impairment. Similarly given that visual and 
cognitive loops overlap in striatal regions, and that saccade programming and 
integration of visuo-cognitive input with motor output are performed in connected 
cortical regions (Kravitz et al., 2011), it is likely that impaired saccadic activity 
contributes to gait impairment in PD.  
The primary aim of this chapter was therefore to examine visual sampling during 
gait in PD and age-matched controls, under two different attentional 
manipulations which are common to real-world gait; environmental challenge and 
dual task. Specific hypotheses have been highlighted in section 1.2. Primarily 
they were that saccade frequency would be reduced in PD compared to controls, 
and this reduction would be associated with gait impairment. It was also 
hypothesised a priori that demographic features (such as age, depression, global 
cognition and disease severity) along with cognitive and visual functions would 
relate to saccade frequency during gait in PD.  
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To answer the specific hypotheses set out within the introduction of this thesis, a 
series of questions were raised. For clarity, these questions form the structure of 
the data analysis, results and discussion of this study. 
Questions that this study will answer; 
 What are the descriptive differences between PD and controls? 
 What is the effect of attentional manipulation on saccade frequency during 
gait? 
 What is the effect of attentional manipulation on gait? 
 What are the relationships between saccade frequency, cognition, vision 
and gait?  
o What is the relationship between cognition and vision? 
o What is the relationship between demographics, vision, cognition 
and gait? 
o What is the relationship between demographics, vision, cognition 
and saccade frequency?  
o What is the relationship between saccade frequency and gait? 
7.3. Specific Methods7 
7.3.1. Participants 
Within this study results from 56 people with PD and 40 age-matched control 
older adults are discussed. Inclusion and exclusion criteria, along with study 
recruitment are provided within Chapter 4. Clinical and further testing (detailed in 
Chapter 4) took place 1 hour after medication intake to ensure optimal function 
(‘On’ state of medication was verified at the beginning of the assessments 
through observation of hand clasping, finger and foot tapping parts of the UPDRS 
III).  
7.3.2. Specific experimental design and procedure 
Saccade frequency during gait and change scores were measured while attention 
was manipulated using two different strategies, increasing the environmental 
                                            
7 The methods contained within this chapter have been published; Stuart et al. (2015) 
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challenge and performing a dual task. These attentional manipulations were 
chosen to mimic real-world conditions that people with PD have difficulties with.  
7.3.3. Environmental Challenge 
Participants were asked to walk at their usual pace during several different 
environmental conditions (Figure 7-1 and Appendix 15.0); straight walking, 
straight walking through a door and turning 40° left and right. Photographs of the 
walking conditions can be seen in Appendix 15.0.  
The commands used for each condition were as follows: 
“Begin looking straight ahead at the camera, I will count down from 3 during 
which remain looking at the camera. When I say ‘Go’ you are free to look 
wherever you want. Also, on go begin walking straight ahead to the white line at 
the end of the room (or turn to the left or right once through the door and walk 
over the white line on the floor).”  
For all walking conditions the participants completed a 5m walk, however only the 
first 2.5m of the walks prior to the doorway (Figure 7-1) were analysed. This 
ensured that participants were consistently within the capture volume of the 3D 
motion capture system, to allow for simultaneous body and eye movement 
tracking. Three trials of each walking condition were performed and further 
analysed.   
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Figure 7-1 - Walking conditions 
7.3.4. Dual Task 
Single and dual task walks were completed by the participants. The dual task 
involved repetition of individuals maximal digit span during gait as described in 
Chapter 4 (section 4.11). Participants were played a string of digits over loud 
speaker and had to repeat the number strings back once they had passed the 
doorway (2.5m point; Figure 7-1). The order of walking conditions were 
randomised, with the straight walking condition always first to ensure participants 
could complete the conditions safely and the three subsequent conditions 
randomly undertaken, as were the blocks of single and dual tasks (Figure 7-2).  
Camera 
location 
Straight walk      Left turn with door        Straight walk with door         Right turn with door 
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Figure 7-2 – Randomisation procedure of walking conditions 
7.3.5. Equipment 
As described in Section 4.10, saccades were measured using mobile eye-tracker 
and EOG systems, which were calibrated at the start of each session. 
Participants were asked to keep their face as relaxed as possible and to not 
repeat any numbers during dual task before the doorway position in order to 
avoid data infiltration from muscle contraction artefact in the EOG data. Gait and 
head movement were measured using a 3D motion capture system.  
7.3.6. Outcome measures 
The primary outcome for this study was saccade frequency (number of saccades 
per second) during gait which was reported as descriptive data and change (Δ) 
scores. Saccade frequency change scores (change in saccade frequency with 
environment; ΔDoor or ΔTurn) were calculated via set formula (1 and 2) for all 
participants within the single and dual task conditions, in order to assess effect of 
environment under single and dual task.  
(1) Straight walk with door  -  Straight walk  =  ΔDoor 
(2) Turn with door  -  Straight walk  =  ΔTurn 
This study reports saccade frequency in terms of absolute values measured 
during gait and change scores in order to overcome some of the measurement 
limitations observed within the accuracy and reliability testing (Chapter 6). Errors 
Randomised 
Single or dual Task
Straight walk 
always first
Randomised 
Doorway, left and 
right turns
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introduced into measurement will vary dependent on the individual, therefore 
calculating change score allows for mitigation of the intrinsic errors associated 
with mobile eye-tracking (i.e. each individual acts as their own control for the 
session). 
Secondary visual sampling characteristics were also included for comprehensive 
data reporting, such as; saccade number, duration, peak velocity and peak 
acceleration; and fixation number and duration, and blink number. Other 
secondary outcomes included gait characteristics, such as; time taken to walk to 
the door location (Time to Door), step length, walk velocity, step time, single 
support and double support. Head movement (raw signal and velocity) was also 
recorded in a sub-group of participants (control n=15 and PD n=15) for 
comparison to the eye movement signal via peak cross-correlation to assess the 
effect of head movement on saccade characteristics (presented in Appendix 
17.0).  
7.3.7. Data and statistical analysis 
Data were assessed for normality with visual histograms and Kolmogorov-
Smirnov tests, meeting criteria for parametric analysis (Expósito-Ruiz et al., 2010; 
Ghasemi and Zahediasl, 2012; Field, 2013). All statistical tests were two-tailed 
and due to the exploratory nature of the study a significance value of p<0.05 was 
set. Therefore control for multiple comparisons via Bonferroni or other methods 
was not performed for ANOVA, correlation or regression analysis. The primary 
reason for this lack of control was to avoid “over-pruning” the data (i.e. removal of 
real significant differences between the groups) (Hilderman and Peckham, 2007), 
thus preventing Type II error.  
Preliminary pairwise analysis via t-tests showed that there was no significant 
difference in the primary outcome of saccade frequency between the two straight 
walking conditions or the two turning conditions within either group; therefore for 
further analysis (i.e. analysis of variance (ANOVA)) data were collapsed into 
straight walking (Mean(Straight, Door)) and a single turning (Mean(Left, Right)) 
variable in order to avoid Type I error. The same was done for the gait 
characteristics to allow for comparison. 
Chapter 7: Visual sampling during gait in Parkinson’s disease: attentional manipulation 
109 
 
Figure 7-3 shows the four step analysis performed in order to answer the specific 
questions set out at the start of this chapter, and further details follow. 
 
Figure 7-3 – Data analysis flow chart 
Step 1: What are the descriptive differences between PD and controls? 
To address this question, analysis for descriptive data described in chapter 4 
section 4.12 was performed. 
Step 2: What is the effect of attentional manipulation on saccade frequency 
during gait? 
To answer this question a repeat measures ANOVA was used to compare the 
effect of attentional manipulation via environmental challenge (straight and turn) 
and dual task (single or dual) on saccade frequency, with group (PD or control) 
as a between subject factor. A second repeat measures ANOVA was conducted 
to compare the effect of environmental challenge and dual task on saccade 
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frequency change scores (ΔDoor and ΔTurn), with group as a between subject 
factor.   
Step 3: What is the effect of attentional manipulation on gait? 
To answer this question several repeat measures ANOVAs were used to 
compare the effect of environmental challenge (straight and turn) and dual task 
(single and dual) on gait (trial duration, step length, gait velocity etc.), with group 
(PD or control) as a between subject factor.  
There is no proper facility in SPSS for producing post hoc tests for repeat 
measures ANOVAs (Field, 2013). Therefore in order to interpret two and three-
way interactive relationships data were plotted and presented graphically. Three-
way interaction (environment x dual task x group) was further examined using 
two separate repeat measures ANOVAs which were conducted as post hoc tests, 
in line with other similar gait analysis performed in previous research (Errington et 
al., 2013; Menant et al., 2014). These assessed gait differences between the 
groups due to environmental challenge separately under single and dual task (i.e. 
environmental challenge under single task, then environmental challenge under 
dual task with group as a between subject factor in each repeat measures 
ANOVA).   
Step 4: What are the relationships between saccade frequency, cognition, 
vision and gait? 
In order to answer this complex question the relationships were broken down into 
the following four smaller questions; 
1. What is the relationship between vision and cognition? 
To answer this question, a matrix of Pearson correlation coefficients was used to 
explore the relationships between cognitive and visual functions in PD and 
controls.  
2. What is the relationship between demographics, cognition, vision and gait? 
To answer this question, relationships between demographic, clinical, cognitive 
and visual functions and gait were also explored using Pearson correlation 
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coefficients. Correlation matrices are presented in Appendix 19.0 and 20.0 as 
these relationships have been shown before in previous studies, and gait was a 
secondary outcome for this study. 
3. What is the relationship between demographics, cognition, vision and 
saccade frequency? 
To answer this question, data analysis was conducted in two stages (3a and 3b), 
see below; 
3(a): Correlation 
Initially Pearson correlation coefficients were calculated to explore associations 
between saccade frequency during gait (absolute and change scores) and 
independent demographic, cognitive, visual functions and clinical variables.   
3(b): Multiple Regression 
As this question pertains to the independent cognitive and visual mechanisms 
underlying the primary outcome of this study, further exploratory regression 
analysis was performed. Saccade frequency change scores (∆Door, ∆Turn) were 
used to represent saccade frequency not only to remove some individual 
measurement error, but also due to their consistent significant correlation with 
independent variables  (Allison, 1990). Four models (steps) were created for 
each saccade frequency outcome. Demographic features were entered into the 
first step (Model 1), cognitive (Model 2) and visual functions (Model 3) in separate 
steps, and a final combined model is presented (Model 4) (model variables 
follow).   
Demographics of age, disease severity (represented by UPDRS III), global 
cognition (represented by MoCA) and depression (represented by GDS-15) were 
entered into the models. Fear of falling (represented by FES-I) was not entered 
due to the known interaction with depression/anxiety (van Haastregt et al., 2008; 
Iaboni and Flint, 2013) and a lack of pathological cause limiting interpretation 
(Legters, 2002). Variables that were significantly different between people with 
PD and controls, shown via univariate analysis were used to represent cognitive 
and visual functions. Cognitive functions consisted of attention (represented by 
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FoA), executive function (represented by CLOX 1), visuo-spatial ability 
(represented by JLO) and working memory (represented by Digit span), only one 
variable was chosen to represent each cognitive function to avoid overfitting. As 
power of attention (PoA) and fluctuation of attention (FoA) were highly correlated 
(r = .70, p < .001), FoA was chosen to represent attention within the regression 
models due to its higher correlation with both saccade frequency and gait 
outcomes (Chapters 7 and 8, Appendix 20.0).  Visual function consisted of VA 
and CS.   
Co-linearity statistics (Tolerance and VIF) were inspected and indicated that multi 
co-linearity was not a concern (all Tolerance >.30 and VIF <10), and the Durbin-
Watson statistic was used to identify autocorrelation (values less than 1 and 
greater than 3 were identified as problematic) and indicated that data met the 
assumption of independent errors (Field, 2013). Standardised residuals were 
inspected for normality via histograms which indicated all data contained 
approximately normally distributed errors, as did the P-P plot of standardised 
residuals, which showed that points were not completely on the line but were 
close to it (Field, 2013).  
4. What is the relationship between saccade frequency and gait? 
Finally, to answer this question a matrix of Pearson correlation coefficients 
explored the relationship between saccade frequency (absolute and change 
scores) and gait characteristics. Trial duration was not included in this matrix to 
avoid Type I error, as this variable was used to derive saccade frequency 
(number of saccades/trial duration=saccade frequency).  
7.4. Results 
7.4.1. Step 1: What are the descriptive differences between PD and 
controls? 
Participant demographic, clinical, cognitive and visual descriptors are shown in 
Table 7-1. PD and controls were well matched for age (p = .605) but were 
significantly different in terms of education (p = .023) and gender, with males 
being over represented in the PD group compared to controls (p = .036). 
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Surprisingly people with PD were significantly taller (p = .017) and heavier (p = 
.005) than controls, possibly due to increased number of males within this group. 
People with PD also had significantly higher rates of depression (GDS-15; p < 
.001) and fear of falling (FES-I; p < .001) than controls. Similarly a non-significant 
greater number of retrospective falls were reported by people with PD. The PD 
group consisted of a heterogeneous participant group (Mean disease duration, 
~68 ± 72 months) who had moderate disease severity (UPDRS-III; ~37 ± 14). 
When comparing the global cognitive ability of the groups differences were seen 
in both the MoCA (p < .001) and ACE-R (p < .001), demonstrating cognitive 
impairment in PD compared to controls. Attention (PoA and FoA, p < .001), 
executive function (CLOX 1, p = .002), visuo-spatial ability (JLO, p = .029) and 
working memory (Digit span, p < .001) were also seen to be significantly impaired 
in people with PD compared to controls. Visual functions of VA (p = .005) and CS 
(p < .001) were significantly impaired in people with PD compared to controls.   
A comprehensive account of the visual sampling characteristics employed by the 
PD and control participants during the various gait tasks can be seen in Table 7-2 
for saccade frequency and Appendix 16.0 for other variables. There were few 
significantly different visual sampling characteristics between the two groups, with 
reduced saccade frequency and number (measured initially via independent t-
tests) under dual task being the only consistent difference in PD compared to 
controls. However, there were non-significant differences between the groups 
(PD, control) for all of the visual sampling characteristics, as shown in Appendix 
16.0. During the gait tasks the people with PD had non-significantly higher 
saccade peak velocities, peak accelerations and their fixations had longer 
durations than the control group. People with PD also had reduced saccade 
amplitude, fixation and blink number than the controls within the majority of the 
walking conditions.  
Descriptive data for gait characteristics are shown in Table 7-3, along with results 
from the mixed-model ANOVAs. Figure 7-3 presents graphically the gait 
characteristic data used within the ANOVA analysis. Main effects for group 
showed that gait was impaired in PD compared to controls, regardless of task. 
Gait velocity was significantly impaired (p < .001), which signified that people with 
PD walked significantly slower than controls within all of the walking conditions. 
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People with PD also took significantly longer to complete the tasks (time to door; 
p = .009), had significantly shorter step length (p = .002) and longer double 
support time (p = .003) on all tasks compared to controls.  
Table 7-1- Demographic, cognitive, visual and clinical characteristics 
  Control 
(n=40) 
Mean (SD) 
PD (n=56) 
Mean (SD) 
p 
Demographic Age (years) 66.93 (10.86) 67.91 (7.78) .605 
 Sex 17M/ 23F 37M/19F .036† 
 Height (cm) 166.42 
(10.65) 
171.32 (9.03) .017* 
 Weight (kg) 72.26 (12.62) 82.62 (19.77) .005* 
 Education (years) 14.80 (3.03) 13.20 (3.55) .023* 
 Depression scale (GDS-15) 0.70 (0.88) 2.66 (2.67) .000* 
 Falls efficacy scale (FES-I) 18.98 (4.15) 24.55 (8.14) .000* 
 Retrospective Falls (no. in 12 
months) 
0 (1) 1 (3) .089 
Cognition Montreal Cognitive Assessment 
(MoCA)  
28.45 (1.28) 26.73 (2.17) .000* 
 Addenbrookes (ACE-R) 95.03 (4.00) 89.84 (7.16) .000* 
Attention Power of attention (PoA) 1266.08 
(144.76) 
1452.56 (269.37) .000* 
 Fluctuation of attention (FoA) 48.22 (8.85) 59.37 (14.35) .000* 
Executive 
function 
Royals CLOX 1  13.60 (1.17) 12.71 (1.45) .002* 
Visuo-spatial 
ability 
Royals CLOX 2 13.90 (1.03) 13.46 (1.57) .129 
 Judgement of line orientation (JLO) 25.15 (4.02) 23.07 (4.85) .029* 
 VOSP - Total 48.83 (1.28) 47.71 (3.56) .062 
 VOSP - Incomplete letters 19.43 (0.63) 19.11 (1.11) .106 
 VOSP - Dot counting 9.88 (0.34) 9.82 (0.51) .562 
 VOSP - Position 
Discrimination 
19.53 (0.93) 18.79 (2.98) .133 
Working memory Max Digit Span Length (sitting) 6.50 (1.01) 5.66 (1.13) .000* 
Visual function Visual acuity (LogMar)  -0.06 (0.13) 0.03 (0.16) .005* 
 Contrast sensitivity (LogCS) 1.62 (0.09) 1.55 (0.14) .000* 
Clinical Hoehn and Yahr stage (H&Y) - I (21)/II (30)/III (5) - 
 Disease duration (months) - 67.65 (72.04) - 
 UPDRS part I - 10.77 (5.24) - 
 UPDRS part II - 10.82 (7.26) - 
 UPDRS part III - 36.75 (14.10) - 
 UPDRS part IV - 2.45 (3.07) - 
 FOGQ - 3.52 (6.24) - 
 LED - 599.87 (402.56) - 
[*significance level p<0.05, LED= levodopa equivalent daily dosage, FOGQ = Freezing of gait questionnaire, VOSP= 
visual object and spatial perception battery, † = X²] 
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7.4.2. Step 2: What is the effect of attentional manipulation on 
saccade frequency during gait? 
The primary outcome of saccade frequency illustrates the amount of visual 
sampling employed by the participants during the various conditions, and 
descriptive data are shown in Table 7-2. Repeat measure ANOVA results (Table 
7-2) showed that there were main effects for group (p = .002), environment (p < 
.001) and dual task (p < .001) on saccade frequency during gait, which are 
depicted in Figure 7-2. This demonstrated that controls made significantly more 
frequent saccades during gait than the people with PD, and saccade frequency 
significantly increased for both groups with greater environmental challenge (a 
turn) and significantly reduced with a dual task (Figure 7-2).  
There was a main effect for environment on saccade frequency change score 
(ΔDoor and ΔTurn; p < .001), indicating that both groups changed their saccade 
frequency significantly more with a turn than with a door. There was also a trend 
toward significance for group by environment interaction (p = .077), as people 
with PD tended to change their saccade frequency more than controls during a 
single task, but less than controls during dual task (Table 7-2).  
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Figure 7-4 - Saccade Frequency during gait 
[Straight and Turn, Single and Dual; same data as used in ANOVA, Means and 
SDs displayed] 
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Table 7-2 – Saccade frequency during gait with summary of repeat measures 
ANOVAs for saccade frequency and change score 
   Saccade 
 
Attentional manipulation 
Frequency 
 (Sacc/sec) 
Group Task Environment Mean (SD) 
Control Single Straight 0.76 (0.62) 
  Door 0.77 (0.57) 
  Turn 1.24 (0.58) 
  ΔDoor 0.14 (0.59) 
  ΔTurn 0.48 (0.61) 
 Dual Straight 0.53 (0.49) 
  Door 0.60 (0.42) 
  Turn 1.15 (0.56) 
  ΔDoor 0.07 (0.39) 
  ΔTurn 0.61 (0.52) 
PD Single Straight 0.48 (0.54)† 
  Door 0.67 (0.61) 
  Turn 1.03 (0.52) 
  ΔDoor 0.19 (0.64) 
  ΔTurn 0.55 (0.63) 
 Dual Straight 0.31 (0.37)† 
  Door 0.39 (0.39)† 
  Turn 0.75 (0.44)† 
  ΔDoor 0.08 (0.31) 
  ΔTurn 0.44 (0.37) 
Effect 
Saccade 
Frequency 
(Sacc/sec) 
            Change Score 
             (Δsacc/sec) 
 F p F p 
Group 9.89 .002* .073 .788 
Environment 159.51 .000* 113.50 .000* 
Dual 28.70 .000* .009 .926 
Group x Environment 1.72 .193 3.20 .077 
Group x Dual 2.17 .144 2.62 .109 
Environment x Dual .213 .646 .392 .533 
Group x Environment x Dual 2.25 .137 .035 .507 
[† independent t-test PD vs controls significance level p <0.05, *significance level p<0.05, saccade, frequency was 
calculated from a Dikablis mobile eye-tracker (50Hz)] 
 
 
 
 
7.4.3. Step 3: What is the effect of attentional manipulation on gait? 
Table 7-3 demonstrates that there were main effects for environmental challenge 
on time to door (p < .001), step length (p < .001), gait velocity (p < .001), step 
time (p =.001) and double support time (p = .003). These results highlighted that 
both groups took longer (walked slower), had shorter steps, and increased step 
and double support time with environment challenge (i.e. more conservative gait 
with a turn compared to straight walking). Surprisingly both groups (PD and 
control) also had greater velocity and step length when walking through a door 
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compared to straight walking, which was the opposite effect of turning, although 
this was non-significant. 
Main effects were also seen for dual task on time to door (p < .001), step length 
(p < .001), gait velocity (p < .001), step time (p <.001), single support time (p < 
.001) and double support time (p <.001). This indicated that both groups walked 
slower, had shorter steps, with increased step time, single support time and 
double support time under a dual task.   
Of greater interest were the interactions between group, environmental challenge 
and dual task, which are depicted in Figure 7-5.  
Group by environment interactions for step length (p < .001) and velocity (p = 
.041) unexpectedly demonstrated that controls had greater reduction in step 
length and velocity than people with PD during straight walking compared to 
turning. Similarly, group by dual task interactions for step length (p = .004), 
velocity (p = .001) and step time (p = .045) showed that controls had longer 
steps, greater velocity and shorter step time than people with PD under both 
single and dual task. However reduction in step length, velocity and increase in 
step time between the groups was larger during single task. Environment by dual 
task interaction for double support time (p = .047) and velocity (p < .001) 
indicated that for both groups a dual task made double support time longer and 
velocity slower when walking straight than when turning.  
A three-way interaction between group, environment and dual task (p = .030) 
demonstrated that velocity was different between the groups across attentional 
manipulations. Figure 7-5 demonstrates that both groups significantly reduced 
their velocity with environmental challenge and further with a dual task, this was 
greater in PD on all walking conditions. Post hoc analysis (two separate repeat 
measures ANOVAs) revealed that although people with PD walked significantly 
slower which worsened under dual task, both groups reduced their velocity the 
same in response to environmental challenge under a dual task (p = .317). 
Whereas under single task, controls reduced their velocity significantly more than 
people with PD when making a turn compared to straight walking (p = .008), 
shown within Figure 7-5. 
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Table 7-3 - Gait characteristics with summary of mixed model ANOVAs 
 Attentional manipulation Time to 
Door  (s) 
Step Length  
(m) 
Velocity  
(m/s) 
Step Time  
(s) 
Single Support 
Time (s) 
Double Support  
Time (s) 
Group Task Environment Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
Control  Single Straight 2.65 (0.43) 0.69 (0.09) 1.24 (0.18) 0.55 (0.05) 0.43 (0.04) 0.26 (0.07) 
  Door 2.68 (0.50) 0.70 (0.09) 1.29 (0.19) 0.54 (0.04) 0.42 (0.03) 0.27 (0.06) 
  Turn 2.81 (0.48) 0.60 (0.05) 1.09 (0.15) 0.56 (0.05) 0.43 (0.04) 0.28 (0.06) 
 Dual Straight 3.04 (0.53) 0.64 (0.08) 1.07 (0.20) 0.59 (0.06) 0.45 (0.04) 0.30 (0.07) 
  Door 2.87 (0.44) 0.64 (0.08) 1.12 (0.20) 0.57 (0.06) 0.43 (0.04) 0.29 (0.07) 
  Turn 3.06 (0.51) 0.57 (0.07) 0.98 (0.16) 0.59 (0.06) 0.45 (0.05) 0.31 (0.06) 
PD Single Straight 3.05 (0.60) 0.62 (0.10) 1.06 (0.19) 0.58 (0.07) 0.44 (0.05) 0.32 (0.10) 
  Door 2.95 (0.59) 0.62 (0.10) 1.09 (0.20) 0.57 (0.05) 0.43 (0.05) 0.31 (0.09) 
  Turn 3.15 (0.61) 0.54 (0.09) 0.95 (0.17) 0.59 (0.07) 0.43 (0.05) 0.34 (0.12) 
 Dual Straight 3.18 (0.64) 0.59 (0.09) 0.98 (0.20) 0.60 (0.09) 0.45 (0.06) 0.34 (0.10) 
  Door 3.11 (0.59) 0.60 (0.09) 1.00 (0.19) 0.59 (0.07) 0.43 (0.05) 0.33 (0.08) 
  Turn 3.32 (0.62) 0.53 (0.09) 0.90 (0.16) 0.61 (0.08) 0.44 (0.06) 0.34 (0.08) 
Effect  F p F p F p F p F p F p 
Group 7.20 .009* 9.74 .002* 14.93 .000* 2.87 .094 .019 .890 .197 .003* 
Environment 53.66 .000* 240.91 .000* 217.57 .000* 12.02 .001* .040 .841 15.06 .000* 
Dual  51.09 .000* 76.39 .000* 98.93 .000* 48.03 .000* 19.23 .000* 8.74 .000* 
Group x Environment 1.13 .290 2.38 .126 4.31 .041* .712 .401 3.73 .057 .748 .389 
Group x Dual  3.427 .067 8.54 .004* 12.49 .001* 4.13 .045* 3.54 .063 3.15 .079 
Environment x Dual  .000 .985 25.83 .000* 28.85 .000* 2.54 .114 .887 .349 4.06 .047* 
Group x Environment x Dual  .640 .426 2.41 .124 4.85 .030* .027 .871 1.37 .245 1.41 .238 
[*significance level p<0.05] 
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Figure 7-5 – Gait characteristics used in ANOVA analysis 
[Straight = Mean(Straight, Door), Turn = Mean(Left, Right), Means and SDs are shown] 
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7.4.4. Step 4: What are the relationships between saccade frequency, 
cognition, vision and gait? 
1.1 1. Relationship between cognition and vision 
Correlations between cognitive and visual functions which were significantly 
different between PD and controls are shown in Table 7-4. Importantly for 
regression analysis to avoid co-linearity, none of the cognitive or visual functions 
entered into the models had high correlation (>0.70) (Chiulli, 1999; Field, 2013). 
However there were several weaker but significant correlations between these 
features.  
In both groups (PD and control) poorer cognition was related to poorer visual 
function. For people with PD, poorer global cognition (ACE-R; r = .31, p = .022), 
as well as poorer specific cognitive functions of attention (PoA; r = -.44, p = .001 
and FoA; r = -.48, p <.001) and visuo-spatial ability (JLO; r = .28, p = .035) were 
significantly related to worse visual functions (VA, CS). Similarly for controls, 
poorer working memory (Digit span; r = .32, p = .044) was related to poorer visual 
function (CS).   
1.2 2: Relationship between demographics, cognition, vision and gait 
Correlation between demographics, cognition, visual functions and gait 
characteristics (step length, velocity and double support time) for PD and controls 
are shown in Appendix 19.0 and 20.0. Unsurprisingly, demographic features of 
age, height, weight and fear of falling (FES-I) were selectively related to gait 
characteristics in controls. Similarly, height, disease severity (UPDRS-III), fear of 
falling, depression (GDS-15) and FOG severity (FOGQ) were related to gait in 
PD. These findings showed that poorer gait related to older age, shorter height 
and increased fear of falling in both groups, and that in PD greater disease 
severity, FOG and depression were also related. As expected, there were a 
number of significant associations between cognition, vision and gait in PD, but 
significant relationships were only evident in controls when turning or under dual 
task. Under single task, greater step length and velocity during all of the walking 
conditions in PD were significantly related to better global cognition (MoCA, ACE-
R), attention (FoA) and visuo-spatial ability (JLO). 
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Table 7-4 - Association between cognitive and visual functions 
r (p) MoCA ACE-R PoA FoA CLOX 1 JLO Digit Span VA CS 
Controls (n = 40)   
MoCA -         
ACE-R .488 (.001)* -        
PoA .077 (.637) .070 (.666) -       
FoA -.262 (.103) -.323 (.042)* .436 (.005)* -      
CLOX 1 .226 (.162) .335 (.034)* -.242 (.133) -.254 (.114) -     
JLO .016 (.920) .253 (.115) -.183 (.257) .014 (.934) .551 (<.001)* -    
Digit span .257 (.109) .269 (.094) -.012 (.943) -.207 (.201) .302 (.058) .170 (.294) -   
VA .039 (.812) .006 (.970) -.075 (.645) -.032 (.843) -.308 (.053) -.105 (.518) .020 (.901) -  
CS -.179 (.270) .069 (.672) .144 (.375) .130 (.423) .002 (.990) .078 (.633) .321 (.044)* -.340 (.032)* - 
PD (n = 56) 
MoCA -         
ACE-R .736 (<.001)* -        
PoA -.368 (.005)* -.404 (.002)* -       
FoA -.363 (.006)* -.355 (.007)* .696 (.000)* -      
CLOX 1 .398 (.002)* .387 (.003)* -.249 (.065) -.213 (.116) -     
JLO .438 (.001)* .385 (.003)* -.278 (.038)* -.393 (.003)* .353 (.008)* -    
Digit span .184 (.174) .121 (.374) -.167 (.219) -.052 (.706) .106 (.437) .130 (.338) -   
VA -.115 (.398) -.193 (.155) .373 (.005)* .353 (.008)* -.174 (.201) -.246 (.068) -.226 (.094) -  
CS .075 (.583) .305 (.022)* -.444 (.001)* -.480 (.000)* .193 (.155) .282 (.035)* .213 (.115) -.664 (<.001)* - 
[*significance level p<0.05] 
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1.3 3(a): Relationship between demographics, cognition, vision and saccade 
frequency; Correlation 
A matrix of correlations between saccade frequency during gait (absolute and 
change scores), clinical and demographic variables for controls and PD is 
presented in Table 7-5. Further correlations between saccade frequency during 
gait (absolute and change scores), cognitive and visual variables are presented 
in two matrices; Table 7-6 for controls and Table 7-7 for PD. There were few 
significant associations for both PD and controls. 
The only consistent significant association was seen in PD between attention 
(PoA and FoA) and single task saccade frequency change scores (ΔDoor and 
ΔTurn) (Table 7-7). This relationship showed that people with PD with poorer 
attention changed their saccade frequency less with environmental challenge 
than those with better attention (Table 7-7). Similar non-significant associations 
were found under dual task (PoA and ΔTurn; r = -.20, p = .135, FoA and ΔDoor; r 
= .21, p = .119). Change score results may relate to the surprising finding that 
poorer attention in PD was associated with more frequent saccades when 
walking straight under single task (PoA; r = .27, p = .049 and FoA; r = .24, p = 
.072). More frequent saccades in PD when walking straight were also associated 
with advanced age (Age; r = .28, p = .040, Table 7-5). In contrast, when walking 
straight through a door under single task more frequent saccades related to 
better executive function (CLOX 1; r = .27, p = .043).    
Other associations for people with PD were found using saccade frequency 
change scores. Greater disease severity was associated with less change with a 
turn under single task (ΔTurn) (UPDRS-III; r = -.30, p = .023, Table 7-5). Under 
dual task relationships appeared contradictory, as greater change with a door 
(ΔDoor) was associated with better visuo-spatial ability (JLO and CLOX 2) 
whereas greater change with a turn (ΔTurn) was associated with poorer working 
memory (Digit span; r = -.33, p = .013).  
For controls, Tables 7-5 and 7-6 show that more frequent saccades during single 
task turns were significantly associated with younger age (Age; r = -.38, p = .017) 
and better attention (PoA; r = -.34, p = .032). During dual task more frequent 
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saccades were related to better cognition (ACE-R; r = -.32, p = .045) during turns 
and lower depression rate (GDS-15; r = -.32, p = .045) during straight walking.  
Table 7-5 – Demographic and clinical correlations with saccade frequency in 
controls and Parkinson’s disease 
r (p) 
Attentional 
manipulation 
Demographic Clinical 
Group Task Environment Age GDS-
15 
FES-I UPDRS 
III 
FOGQ LED PD 
duration 
Control  Single  Straight -.063 
(.699) 
.070 
(.667) 
-.161 
(.321) 
- - - - 
  Door -.189 
(.243) 
.065 
(.690) 
-.125 
(.443) 
- - - - 
  Turn -.375 
(.017)* 
-.166 
(.307) 
-.210 
(.193) 
- - - - 
  
ΔDoor 
-.118 
(.468) 
-.011 
(.946) 
.049 
(.765) 
- - - - 
  
ΔTurn 
-.294 
(.066) 
-.230 
(.153) 
-.036 
(.823) 
- - - - 
 Dual  Straight -.086 
(.596) 
-.319 
(.045)* 
-.066 
(.684) 
- - - - 
  Door -.099 
(.542) 
-.100 
(.539) 
-.048 
(.767) 
- - - - 
  Turn -.131 
(.420) 
-.123 
(.450) 
-.068 
(.678) 
- - - - 
  
ΔDoor 
.001 
(.995) 
.292 
(.067) 
.031 
(.849) 
- - - - 
  
ΔTurn 
-.061 
(.709) 
.164 
(.310) 
-.011 
(.946) 
- - - - 
PD  Single  Straight .275 
(.040)* 
-.044 
(.747) 
-.182 
(.180) 
.226 
(.093) 
-.118 
(.388) 
-.161 
(.250) 
-.049 
(.721) 
  Door -.012 
(.928) 
-.033 
(.808) 
.036 
(.791) 
.052 
(.704) 
-.071 
(.604) 
-.121 
(.388) 
-.019 
(.890) 
  Turn .079 
(.564) 
-.178 
(.189) 
-.146 
(.283) 
-.130 
(.341) 
-.071 
(.605) 
-.136 
(.332) 
-.028 
(.837) 
  
ΔDoor 
-.245 
(.068) 
.006 
(.965) 
.188 
(.164) 
-.143 
(.293) 
.033 
(.810) 
.030 
(.834) 
.024 
(.863) 
  
ΔTurn 
-.173 
(.202) 
-.109 
(.423) 
.036 
(.791) 
-.303 
(.023)* 
.043 
(.751) 
.026 
(.853) 
.019 
(.890) 
 Dual  Straight .140 
(.303) 
-.119 
(.381) 
.044 
(.748) 
.240 
(.075) 
.030 
(.825) 
.109 
(.436) 
.000 
(1.00) 
  Door .034 
(.801) 
-.038 
(.781) 
-.049 
(.720) 
.261 
(.052) 
.038 
(.783) 
-.022 
(.878) 
.043 
(.753) 
  Turn .118 
(.388) 
-.003 
(.980) 
-.060 
(.662) 
.098 
(.473) 
.030 
(.825) 
-.087 
(.535) 
-.111 
(.415) 
  
ΔDoor 
-.124 
(.362) 
.095 
(.487) 
-.114 
(.404) 
.041 
(.764) 
.011 
(.936) 
-.157 
(.260) 
.054 
(.694) 
  
ΔTurn 
-.003 
(.982) 
.116 
(.393) 
-.114 
(.401) 
-.127 
(.351) 
.005 
(.971) 
-.214 
(.124) 
-.131 
(.337) 
[*significance level p < 0.05] 
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Table 7-6 – Cognitive and visual function correlations with saccade frequency in controls 
r (p) 
Attentional 
manipulation 
Cognition Visual function 
Group Task Environment MoCA ACE-R PoA FoA JLO CLOX 1 CLOX 2 VOSP-
Total 
Digit 
span 
VA CS 
Control  Single  Straight .182 
(.261) 
.137 
(.399) 
-.085 
(.603) 
.039 
(.810) 
-.051 
(.753)  
.095 
(.560) 
-.081 
(.619) 
-.162 
(.319) 
-.062 
(.705) 
-.096 
(.555) 
.001 
(.995) 
  Door .049 
(.764) 
.055 
(.736) 
.015 
(.927) 
.004 
(.980) 
-.210 
(.193) 
-.056 
(.731) 
-.029 
(.861) 
-.036 
(.826) 
-.023 
(.889) 
.016 
(.920) 
-.075 
(.644) 
  Turn -.023 
(.889) 
.113 
(.488) 
-.340 
(.032)* 
-.065 
(.691) 
.151 
(.351) 
.273 
(.089) 
.151 
(.352) 
.132 
(.417) 
.031 
(.847) 
-.288 
(.071) 
.111 
(.495) 
  
ΔDoor 
-.145 
(.371) 
-.092 
(.574) 
.105 
(.521) 
-.038 
(.818) 
-.151 
(.351) 
-.156 
(.337) 
.058 
(.723) 
.136 
(.402) 
.043 
(.792) 
.118 
(.468) 
-.075 
(.647) 
  
ΔTurn 
-.208 
(.199) 
-.032 
(.845) 
-.239 
(.138) 
-.102 
(.531) 
.197 
(.223) 
.164 
(.313) 
.227 
(.159) 
.291 
(.068) 
.093 
(.568) 
-.177 
(.273) 
.105 
(.518) 
 Dual  Straight .134 
(.411) 
.239 
(.137) 
.029 
(.861) 
-.035 
(.832) 
-.044 
(.788) 
.092 
(.573) 
.045 
(.785) 
-.051 
(.754) 
-.112 
(.492) 
.211 
(.191) 
-.244 
(.129) 
  Door -.014 
(.930) 
.082 
(.614) 
.067 
(.680) 
.126 
(.438) 
-.023 
(.889) 
.005 
(.976) 
.138 
(.396) 
.223 
(.166) 
-.269 
(.094) 
.124 
(.447) 
-.168 
(.301) 
  Turn .016 
(.923) 
.319 
(.045)* 
-.253 
(.115) 
-.187 
(.247) 
.121 
(.457) 
.216 
(.181) 
.124 
(.447) 
.124 
(.444) 
-.151 
(.352) 
.081 
(.619) 
-.146 
(.369) 
  
ΔDoor 
-.183 
(.258) 
-.212 
(.190) 
.037 
(.821) 
.180 
(.267) 
.031 
(.852) 
-.110 
(.499) 
.093 
(.567) 
.305 
(.055) 
-.150 
(.355) 
-.131 
(.420) 
.125 
(.443) 
  
ΔTurn 
-.107 
(.510) 
.121 
(.457) 
-.299 
(.061) 
-.169 
(.296) 
.171 
(.291) 
.147 
(.365) 
.092 
(.573) 
.182 
(.262) 
-.059 
(.717) 
-.109 
(.504) 
.070 
(.669) 
[*significance level p < 0.05] 
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Table 7-7 – Cognitive and visual function correlations with saccade frequency in Parkinson’s disease 
r (p) 
Attentional 
manipulation 
Cognition Visual function 
Group Task Environment MoCA ACE-R PoA FoA JLO CLOX 1 CLOX 2 VOSP-
Total 
Digit 
span 
VA CS 
PD  Single  Straight -.093 
(.493) 
-.077 
(.571) 
.265 
(.049)* 
.259 
(.054) 
-.030 
(.825) 
.046 
(.735) 
-.032 
(.816) 
-.059 
(.668) 
-.039 
(.775) 
.042 
(.757) 
-.016 
(.907) 
  Door .052 
(.703) 
.104 
(.447) 
-.057 
(.675) 
-.149 
(.273) 
.029 
(.831) 
.271 
(.043)* 
.116 
(.395) 
.124 
(.364) 
-.007 
(.959) 
-.136 
(.319) 
.086 
(.528) 
  Turn -.068 
(.620) 
-.130 
(.339) 
-.052 
(.706) 
-.113 
(.406) 
.026 
(.850) 
.023 
(.864) 
.053 
(.697) 
.002 
(.990) 
-.241 
(.073) 
.020 
(.881) 
.015 
(.915) 
  
ΔDoor 
.128 
(.345) 
.164 
(.228) 
-.278 
(.038)* 
-.361 
(.006)* 
.053 
(.697) 
.217 
(.108) 
.136 
(.316) 
.166 
(.220) 
.026 
(.847) 
-.164 
(.227) 
.095 
(.486) 
  
ΔTurn 
.025 
(.857) 
-.041 
(.765) 
-.271 
(.043)* 
-.318 
(.017)* 
.047 
(.729) 
-.021 
(.880) 
.072 
(.600) 
.052 
(.703) 
-.166 
(.221) 
-.020 
(.886) 
.026 
(.849) 
 Dual  Straight -.188 
(.166) 
-.203 
(.133) 
.151 
(.266) 
.090 
(.511) 
-.197 
(.146) 
-.119 
(.381) 
-.161 
(.237) 
-.061 
(.658) 
.113 
(.406) 
.017 
(.903) 
-.039 
(.776) 
  Door -.005 
(.974) 
-.001 
(.994) 
.051 
(.711) 
-.094 
(.489) 
.035 
(.799) 
.023 
(.868) 
.064 
(.639) 
-.091 
(.504) 
-.045 
(.739) 
-.086 
(.529) 
.088 
(.520) 
  Turn .007 
(.958) 
-.110 
(.420) 
.067 
(.625) 
-.091 
(.506) 
-.061 
(.656) 
-.093 
(.494) 
-.017 
(.902) 
-.062 
(.648) 
-.185 
(.173) 
.152 
(.263) 
-.066 
(.630) 
  
ΔDoor 
.218 
(.106) 
.241 
(.074) 
-.117 
(.392) 
-.225 
(.095) 
.278 
(.038)* 
.171 
(.208) 
.272 
(.043)* 
-.042 
(.758) 
-.192 
(.156) 
-.127 
(.349) 
.156 
(.250) 
  
ΔTurn 
.198 
(.144) 
.076 
(.578) 
-.074 
(.587) 
-.194 
(.145) 
.127 
(.350) 
.011 
(.937) 
.142 
(.295) 
-.012 
(.929) 
-.332 
(.013)* 
.162 
(.233) 
-.038 
(.781) 
[*significance level p < 0.05] 
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1.4 3(b): Relationship between demographics, cognition, vision and saccade 
frequency; Regression 
A series of multivariate regression models were used to further investigate 
saccade frequency during gait in PD and controls. Model characteristics (Beta 
coefficients and p-values) under single and dual task are shown in Table 7-8 for 
controls and Table 7-9 for PD. The focus of this analysis was the exploration of 
independent associations between demographic, cognitive and visual variables 
and saccade frequency during gait. Overall model characteristics (r², ANOVA F 
and p) were not the focus of this analysis and were not significant for any of the 
models; hence they are presented in the Appendix 21.0.   
Table 7-8 demonstrates that there were no significant associations within the final 
regression models (Model 4) for controls. Although under dual task greater 
depression (GDS-15; Model 4; ΔDoor, ß = .31, p = .075) trended towards 
significant association with increased saccade frequency change score within all 
of the models (Models 1 to 4). Similarly, older age was related to lower saccade 
frequency change score (ΔTurn; ß = -.31, p = .050) within the single task 
demographic model (Model 1) for controls, but association reduced once 
cognitive or visual functions were added into the model. This indicated that 
cognitive and visual functions may mediate age association with saccade 
frequency in controls.   
By contrast, people with PD had several significant independent explanatory 
variables under single task. For example; poorer attention (FoA) was related to 
lower saccade frequency change scores (ΔDoor; ß = -.45, p = .009 and ΔTurn; ß 
= -.36, p = .041). There was also a trend for visual function association with 
saccade frequency (ΔDoor; ß = -.37, p = .089). Under dual task however there 
were very few significant relationships in PD, as only one condition (∆Turn) had a 
significant association within the final model (Model 4, Table 7-9). Better working 
memory (Digit span) was related to lower saccade frequency change scores 
(ΔDoor; ß = -.28, p = .055, ∆Turn ß = -.34, p = .018), which was present within 
the separate cognition model (Model 2) and weakened once visual functions 
were entered into the model (Model 4). Increased disease severity (UPDRS-III) 
trended towards association with greater saccade frequency change score under 
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dual task (ΔDoor; Model 4; ß = .33, p = .074), but association was reduced when 
visual and cognitive functions were entered into the model together (Model 4).  
Overall, attention (FoA) was the only explanatory variable consistently associated 
with saccade frequency change scores in PD under single task (ΔDoor, ΔTurn, 
Table 7-9), independent of demographic characteristics. Attention however was 
not significantly associated with saccade frequency change scores (ΔDoor, 
ΔTurn) within the separate cognition model (Models 2). Only once cognitive and 
visual functions were both added to the model (Model 4) were significant 
relationships seen.  
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Table 7-8 - Demographic, cognitive and visual function association with saccade frequency for controls 
  
Visual sampling 
   Pearsons  Model 1 Model 2 Model 3 Model 4  
 Task 
 
r (p) ß p ß p ß p ß p 
Single  ∆Door Age -.118 (.468) -.139 .405 -.197 .335 -.193 .281 -.259 .248 
    MoCA -.145 (.371) -.163 .329 -.169 .356 -.186 .279 -.210 .275 
    GDS-15 -.011 (.946) .005 .974 -.020 .907 .008 .960 -.021 .904 
    FoA -.038 (.818)     .014 .945     .077 .731 
    JLO -.151 (.351)     -.154 .479     -.179 .429 
    CLOX 1 -.156 (.337)     -.120 .589     -.074 .765 
    Digit span .043 (.792)     .129 .483     .174 .410 
    VA .118 (.468)         .164 .382 .118 .591 
    CS -.075 (.647)         -.057 .753 -.129 .544 
  ∆Turn Age -.294 (.066) -.308 .050 -.279 .146 -.286 .090 -.253 .234 
    MoCA -.208 (.199) -.240 .122 -.281 .105 -.228 .159 -.277 .132 
    GDS-15 -.230 (.153) -.198 .299 -.295 .231 -.200 .206 -.193 .249 
    FoA -.102 (.531)     .025 .900     .006 .978 
    JLO .197 (.223)     .037 .854     .052 .807 
    CLOX 1 .164 (.313)     .100 .627     .071 .764 
    Digit span .093 (.568)     .106 .536     .115 .566 
    VA -.177 (.273)         -.064 .713 -.064 .757 
    CS .105 (.518)         .042 .805 -.009 .966 
Dual  ∆Door Age -.118 (.468) -.049 .760 -.113 .563 -.012 .945 -.057 .790 
    MoCA -.145 (.371) -.199 .214 -.127 .469 -.182 .273 -.099 .593 
    GDS-15 -.011 (.946) .303 .061 .308 .070 .300 .069 .310 .075 
    FoA -.038 (.818)     .128 .528     .076 .723 
    JLO -.151 (.351)     -.116 .577     -.141 .518 
    CLOX 1 -.156 (.337)     -.097 .649     -.144 .550 
    Digit span .043 (.792)     -.104 .555     -.129 .527 
    VA .118 (.468)         -.111 .537 -.114 .591 
    CS -.075 (.647)         .047 .788 .080 .697 
  ∆Turn Age -.294 (.066) -.091 .585 .095 .627 -.064 .721 .145 .504 
    MoCA -.208 (.199) -.124 .454 -.163 .358 -.115 .506 -.135 .471 
    GDS-15 -.230 (.153) .176 .289 .222 .190 .175 .304 .223 .198 
    FoA -.102 (.531)     -.291 .159     -.339 .126 
    JLO .197 (.223)     .216 .306     .237 .285 
    CLOX 1 .164 (.313)     .064 .765     .025 .919 
    Digit span .093 (.568)     -.128 .472     -.157 .447 
    VA -.177 (.273)         -.084 .656 -.098 .646 
    CS .105 (.518)         .015 .935 .086 .679 
[*significance level p<.05, Model 1 = demographic, Model 2 = cognition, Model 3 = visual function, Model 4 = cognition and visual function, Model performance can be found in the Appendix] 
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Table 7-9 - Demographic, cognitive and visual function association with saccade frequency for Parkinson’s disease 
  
Visual sampling 
  Pearsons Model 1 Model 2  Model 3  Model 4  
 Task 
 
r (p) ß p ß p ß p ß p 
Single ∆Door Age -.245 (.068) -.233 .114 -.122 .420 -.271 .109 -.244 .156 
    UPDRS III -.143 (.293) -.094 .581 -.045 .806 -.119 .492 -.061 .737 
    MoCA .128 (.345) .039 .806 -.083 .634 .008 .959 -.166 .358 
    GDS-15 .006 (.965) -.017 .915 .044 .785 -.032 .841 .019 .906 
    FoA -.361 (.006)*   -.367 .022*   -.449 .009* 
    JLO .053 (.697)   -.140 .376   -.096 .550 
    CLOX 1 .217 (.108)   .213 .194   .220 .177 
    Digit span .026 (.847)   .015 .914   .049 .725 
    VA -.164 (.227)     -.203 .276 -.182 .310 
    CS .095 (.486)     -.191 .352 -.365 .089 
  ∆Turn Age -.173 (.202) -.053 .717 -.021 .893 -.262 .108 -.154 .382 
    UPDRS III -.303 (.023)* -.317 .064 -.216 .255 -.393 .022* -.210 .268 
    MoCA .025 (.857) -.167 .289 -.202 .265 -.216 .168 -.280 .137 
    GDS-15 -.109 (.423) -.020 .896 -.049 .769 -.056 .711 -.059 .724 
    FoA -.318 (.017)*   -.249 .124   -.359 .041* 
    JLO .047 (.729)   .028 .863   .092 .580 
    CLOX 1 -.021 (.880)   .015 .931   .028 .868 
    Digit span -.166 (.221)   -.111 .432   -.043 .767 
    VA -.020 (.886)     -.079 .657 .071 .699 
    CS .026 (.849)     -.206 .298 -.255 .246 
Dual ∆Door Age -.124 (.362) -.078 .592 -.080 .587 .009 .956 -.029 .865 
    UPDRS III .041 (.764) .179 .289 .333 .067 .317 .052 .333 .074 
    MoCA .218 (.106) .298 .061 .244 .157 .209 .229 .275 .134 
    GDS-15 .095 (.487) .041 .790 -.058 .713 .052 .740 -.053 .744 
    FoA -.225 (.095)   -.200 .192   -.160 .341 
    JLO .278 (.038)*   .257 .100   .234 .151 
    CLOX 1 .171 (.208)   -.027 .866   -.031 .846 
    Digit span -.192 (.156)   -.254 .062   -.277 .055 
    VA -.127 (.349)     .019 .918 -.002 .990 
    CS .156 (.250)     .186 .362 .112 .600 
  ∆Turn Age -.003 (.982) .101 .488 .100 .503 .098 .551 .106 .533 
    UPDRS III -.127 (.351) -.133 .432 -.037 .837 -.116 .499 -.015 .936 
    MoCA .198 (.144) .177 .263 .233 .179 .208 .193 .249 .169 
    GDS-15 .116 (.393) .217 .168 .125 .433 .231 .141 .142 .377 
    FoA -.194 (.145)   -.150 .328   -.164 .325 
    JLO .127 (.350)   .041 .792   .052 .745 
    CLOX 1 .011 (.937)   -.054 .737   -.049 .759 
    Digit span -.332 (.013)*   -.368 .008*   -.343 .018* 
    VA .162 (.233)     .287 .120 .247 .169 
    CS -.038 (.781)     .156 .441 .146 .488 
[*significance level p<.05, Model 1 = demographic, Model 2 = cognition, Model 3 = visual function, Model 4 = cognition and visual function, Model performance can be found in the Appendix] 
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1.5 4: Relationship between saccade frequency and gait  
The matrix of correlations between saccade frequency (absolute and change 
scores) and gait characteristics are presented in Table 7-10, showing that there 
were no significant relationships between saccade frequency and any of the gait 
characteristics in PD. In contrast, more frequent saccades during turns were 
weakly but significantly associated with greater step length (r = .33, p = .038) and 
velocity (r = .35, p = .026) in controls, which indicated relationship between 
saccade frequency and gait in older adults. However there was a similar trend in 
PD for saccade frequency change score (ΔDoor) towards association with dual 
task step length (r = .26, p = .055) and velocity (r = .25, p = .069) when walking 
through a door. This trend demonstrated that similar to controls, people with PD 
who made more frequent saccades when walking through a doorway in 
comparison to straight walking, had better gait under this condition.   
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Table 7-10 - Correlations between saccade frequency during gait and gait characteristics in Parkinson’s disease and controls 
 Attentional manipulation Step Length (m) Velocity (m/s) Step Time (s) Single support (s) Double support (s) 
Group Task Environment r (p) r (p) r (p) r (p) r (p) 
Control Single Straight -.074 (.648) .046 (.777) -.188 (.245) -.209 (.196) -.076 (.642) 
  Door .107 (.510) .116 (.477) -.043 (.791) -.102 (.532) -.014 (.931) 
  Turn .308 (.053) .351 (.026)* -.184 (.256) -.070 (.666) -.133 (.412) 
  ΔDoor .200 (.215) .109 (.502) .154 (.342) .056 (.731) .045 (.783) 
  ΔTurn .312 (.050) .228 (.157) .055 (.737) .149 (.358) -.061 (.709) 
 Dual Straight -.209 (.197) -.176 (.276) .107 (.511) .066 (.688) .103 (.527) 
  Door -.064 (.697) -.042 (.798) -.007 (.967) .024 (.881) .033 (.840) 
  Turn .329 (.038)* .295 (.064) -.201 (.213) -.182 (.260) -.091 (.578) 
  ΔDoor .115 (.479) .168 (.300) -.141 (.384) -.112 (.490) -.140 (.390) 
  ΔTurn .299 (.061) .296 (.063) -.174 (.282) -.153 (.347) -.124 (.445) 
PD  Single Straight -.049 (.718) -.041 (.763) -.036 (.790) .015 (.913) .000 (.999) 
  Door -.039 (.775) -.007 (.962) -.066 (.628) -.080 (.560) .021 (.879) 
  Turn .042 (.761) .140 (.304) -.179 (.192) -0.50 (.717) -.068 (.621) 
  ΔDoor -.020 (.885) -.018 (.893) -.014 (.918) -.043 (.754) .054 (.693) 
  ΔTurn .112 (.412) .091 (.504) -.002 (.986) -.015 (.913) .064 (.643) 
 Dual Straight -.118 (.385) -.044 (.746) -.090 (.508) -.151 (.267) -.020 (.884) 
  Door .051 (.708) .093 (.496) -.126 (.355) -.164 (.266) .017 (.899) 
  Turn .029 (.830) .143 (.292) -.206 (.132) -.160 (.245) -.105 (.447) 
  ΔDoor .258 (.055) .245 (.069) -.040 (.770) .002 (.990) -.055 (.688) 
  ΔTurn .128 (.348) .208 (.125) -.109 (.429) .002 (.988) -.145 (.290) 
[Gait characteristics from each individual task were correlated with saccade frequency from the same task, change scores were correlated with gait characteristics during the attentional task 
(door or turn)] 
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7.5. Discussion 
The primary aim of this study was to investigate saccade frequency during gait in 
PD under different attentional manipulations common to real-world gait 
(environmental challenge and dual task). The results support the hypothesis that 
saccade frequency during gait is impaired (reduced) in PD compared to age-
matched controls and is influenced by attention.   
Descriptive data showed that regardless of attentional manipulation people with 
PD made less frequent saccades during gait compared to controls. This may be 
due to impairment of voluntary saccade initiation related to limited dopaminergic 
resource (van Stockum et al., 2011b) and greater cognitive burden of gait in PD 
(Seidler et al., 2010; Shine et al., 2013a). People with PD also walked 
significantly slower, with shorter steps and increased double support time than 
controls within all walking conditions. This was expected as it is widely 
acknowledged that people with PD present with gait impairment compared to 
controls, including reduced step length and gait velocity which worsen with 
attentional manipulation (Lord et al., 2010; Lord et al., 2014). Less frequent 
saccades during gait likely contributed to gait deficit as saccades are critical to 
safe and effective walking, aligning areas of interest in the environment (e.g. 
hazards) with the fovea to produce high quality visual information for further 
cognitive processing (Beserra Gomes et al., 2013; Bodis-Wollner, 2013; Bodis-
Wollner et al., 2013).    
Descriptive results also showed that there was a significant reduction in saccade 
frequency during walking without attentional manipulation in people with PD 
compared to controls, which has not been seen in previous research (Galna et 
al., 2012; Vitorio et al., 2012). Previous studies have reported that visual 
sampling (saccade frequency (Galna et al., 2012) or frequency of voluntary visual 
samples made via manipulation of liquid crystal glasses rather than saccades 
(Vitorio et al., 2012)) during straight walking was not different between people 
with PD and controls, despite non-significant reductions within their studies which 
were likely due to the small cohorts involved. However Galna et al. (2012) alluded 
to the fact that online saccade deficits in PD may be highlighted with attentional 
manipulation, which was further investigated within the current study. 
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7.5.1. What is the effect of environmental challenge on saccade 
frequency during gait? 
Despite people with PD making less frequent saccades than controls during all 
walking conditions, both groups increased their saccade frequency in response to 
increased environmental challenge (Door, Turn), which was consistent with 
previous literature (Galna et al., 2012). Galna et al. (2012) previously 
demonstrated a non-significant increase in horizontal saccade frequency when 
turning in a small group of people with PD. However unlike the current study, 
Galna et al. (2012) were limited to reporting only horizontal saccades due to the 
EOG technology used to monitor eye-movements when walking, which limits 
generalisability of results. Methodological differences also limit comparison to 
other studies, although as mentioned in chapter 3 several turning in place studies 
have demonstrated that saccade frequency was increased in PD compared to 
controls (Anastasopoulos et al., 2011; Lohnes and Earhart, 2011). Increase in 
saccade frequency with external environmental stimuli (Door, Turn) may relate to 
more reflexive (bottom-up attention) saccades being made. Indeed, previous 
research has alluded to people with PD making saccades later than controls 
when walking through doorways (i.e. last 30% of the trial when walking through a 
doorway) (Galna et al., 2012), which is likely due to greater amount of reflexive 
saccades occurring when stimulus (a doorway) were in peripheral view. Reflexive 
saccades are known to occur with greater peak velocity than voluntary saccades, 
as shown via pro- and anti-saccade tasks (Reingold and Stampe, 2002). Within 
this study there was a non-significant increase in saccade peak velocities with the 
addition of environmental stimuli (Door) for both people with PD and controls, 
likely due to an increased number of reflexive saccades which are relatively 
spared in PD (primarily early PD) (Terao et al., 2013). This is further supported by 
increased saccade velocities and accelerations for people with PD compared to 
controls when performing a dual task, as with distraction of attention people with 
PD likely cannot inhibit reflexive saccades as well as controls (Terao et al., 2011).   
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7.5.2. What is the effect of a dual task on saccade frequency during 
gait? 
Saccade frequency reduced for both people with PD and controls under a dual 
task during all of the walking trials. However saccade frequency was significantly 
reduced in people with PD compared to controls under dual task, which was 
similar to previous research (Galna et al., 2012). In contrast, control participants 
were able to maintain their saccade frequency under a dual task better than 
people with PD, particularly within the most complex walking condition (turning 
under dual task; Figure 7-4). Reduction under dual task suggests that cognitive, 
particularly attentional processes underpin saccade frequency during gait which 
is comparable to previous saccadic control research (Hoffman and 
Subramaniam, 1995). For example; saccadic impairment under dual task has 
been found before in static testing involving simple motor tasks such as reaching 
(Pashler et al., 1993) or button pressing (Huestegge and Koch, 2009), with 
interference in saccade planning by competing task (i.e. gait) goals implicated 
(Moehler and Fiehler, 2014).  
Dual task gait performance has been linked to attentional processes involving the 
PFC (Rochester et al., 2014) and is limited by neural resource availability. 
Attentional saccadic control also involves the PFC and its complex interaction 
with the BG and brain stem (Chan et al., 2005; Le Heron et al., 2005; Hood et al., 
2007; Matsumoto et al., 2011; Javaid et al., 2012; Matsumoto et al., 2012), with 
brain stem saccade mechanisms reportedly unaffected in PD (Gorges et al., 
2014). As mentioned in Chapter 2 (section 2.4), attentional projections from the 
PFC control the BGs inhibition or disinhibition of the SC (Terao et al., 2011), 
however BG impairment with PD impacts cortico-BG loops (Tommasi et al., 
2015) which control voluntary saccade initiation. Voluntary saccade initiation is 
further impaired by dopamine depletion within the striatum with PD which reduces 
PFC signal to the BG (Tommasi et al., 2015).  
Overall, performance of a dual task likely saturates attentional capacity in PD 
(Galna et al., 2012) due to the limited neural resources available and preferential 
allocation of resource to gait control (Lee et al., 2003) or the secondary cognitive 
task rather than saccadic control. In the absence of attentional inhibitory control 
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(from PFC) under dual task, parietal cortical loops involved in bottom-up attention 
would dominate saccade generation (N'Guyen et al., 2014) and lead to increased 
reflexive saccades. However not all saccades under dual task would be reflexive, 
as fluctuation between top-down and bottom-up attentional control is most 
plausible during gait in PD due to ‘leaky’ BG inhibitory control of saccades (Terao 
et al., 2011). For example; fluctuation in the level of BG inhibition on the SC 
would mean that suppression of reflexive saccades would work occasionally, but 
not consistently. 
7.5.3. What is the effect of attentional manipulation on gait?  
Attentional manipulation via increased environmental challenge also influenced 
gait. Gait impairments with environmental challenge in both PD and controls were 
similar to previous research, with reduced step length and velocity (Cowie et al., 
2010; Cowie et al., 2012), and increased step time and double support time 
(Lebold and Almeida, 2010; Pieruccini-Faria et al., 2014). A surprising result was 
that under single task controls slowed their gait and reduced their step length 
more than people with PD during a turn compared to straight walking, which may 
signify that people with PD are unable to modify their gait appropriately compared 
to controls with increased environmental challenge. 
Another unexpected result was the non-significant increase in step length and 
velocity that was seen within both groups while walking through a doorway, which 
differed from previous research (Cowie et al., 2010; Cowie et al., 2012; Ehgoetz 
Martens et al., 2013). Disparity between the current study and previous literature 
may relate to a learning effect, as to ensure participants could complete the walks 
safely straight walks were always conducted first followed by randomised walking 
with a turn or door. An alternative explanation could be that previous studies have 
focused on small cohorts of freezers (Almeida and Lebold, 2010; Cowie et al., 
2010; Cowie et al., 2012; Ehgoetz Martens et al., 2013) rather than the large 
heterogeneous PD group involved in this study. People with PD and FOG often 
report that freezing episodes (shortened steps etc.) occur in narrow spaces such 
as doorways (Ehgoetz Martens et al., 2013), likely due to further impairment of 
cortico-BG loops (Muralidharan et al., 2013), fronto-parietal pathway (visual 
attention) disruption (van der Hoorn et al., 2014; Walton et al., 2015) and 
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impaired visuo-spatial processing (Lord et al., 2012) within this group. Although 
this study involved several people with PD who reported FOG, none experienced 
any freezing episodes during testing and this disease phenomenon was not the 
focus of the current study, but it may warrant future investigation.  
Attentional manipulation via a dual task impacted gait in PD and older adults 
similar to previous studies, with reduced step length and velocity, and increased 
step time, single and double support time seen in both groups (Canning, 2005; 
Hausdorff et al., 2008; Beurskens and Bock, 2012; Kelly et al., 2012b). The dual 
task modulation of gait characteristics was expected due to the extensive 
evidence linking high level cognitive functions (executive, attentional, working 
memory function) and gait, particularly in PD (Chapter 2, section 2.4.2). Of 
greater interest were the interactions between group, environment, and dual task, 
which showed selective impairments in both groups dependent upon the walking 
condition. Both groups reduced their velocity under dual task with greater 
reduction in controls, whereas environmental challenge selectively altered 
velocity within the groups. For example; controls reduced their velocity more 
under dual task when walking straight than with a turn, whereas people with PD 
reduced their velocity under dual task similarly within both environments (Door, 
Turn). This response was probably due to people with PD already walking slower 
than controls during single task, which limited the reduction seen under dual task. 
However, it could relate to an inability to adjust gait appropriately in PD in 
response to a dual task, as the degree to which people with PD can modify their 
gait with a dual task remains unclear (Kelly et al., 2012b). Overall, different 
patterns of gait alteration were seen with different attentional manipulation within 
the groups, with people with PD perhaps not modifying gait appropriately for the 
task undertaken. This suggests that underlying processes may vary dependent 
on the visuo-cognitive demands of the task.   
7.5.4. What are the relationships between demographics, cognition, 
vision and gait? 
Gait impairments in PD compared to controls (reduced step length, velocity and 
increased double support time) were associated with selective demographic 
features, and visual and cognitive functions, which are shown in Appendix 19.0 
Chapter 7: Visual sampling during gait in Parkinson’s disease: attentional manipulation 
 
138 
 
and 20.0. Associations with demographic variables such as age and disease 
severity were expected, but previous research has shown that cognition 
influences gait in PD independent of these features (Lord et al., 2014). Within PD, 
impaired global cognition, attention (particularly FoA) and visuo-spatial ability 
were significantly related to reduced step length and velocity within all walking 
conditions. Increased double support time was also associated with deficits in 
visual functions (VA and CS) in PD. These associations were expected due to the 
robust relationship between gait and cognition (Rochester et al., 2004; Ble et al., 
2005; Rochester et al., 2005; Yogev et al., 2005; Holtzer et al., 2006; Verghese et 
al., 2007a; Verghese et al., 2007b; Iersel et al., 2008; Rochester et al., 2008; 
Soumare et al., 2009; Lord et al., 2010) and the increasing evidence for the role 
of vision in gait in PD and older adults (Wood et al., 2009). However previous 
studies have not considered that vision and cognition may interact during gait or 
that they may have visuo-cognitive impact on gait control.  
As hypothesised within the introduction, cognitive and visual functions were 
significantly related in both groups (PD and control), similar to previous static 
research (Bodis-Wollner and Jo, 2006; Antal et al., 2008; Cavanagh, 2011). In 
fact, stronger relationships between cognitive and visual functions were found in 
PD, particularly between attention (PoA and FoA) and visual functions (VA and 
CS). This may reflect attentional compensation for static visual deficits such as 
impaired VA and CS, and could help to explain the increased attentional and 
visual connectivity found in PD (Onu et al., 2015). Attentional compensation may 
also be required for visual function impairment during gait, as association 
between visual functions (VA and CS) and double support time disappeared 
under attentional dual task in PD (Appendix 20.0). This associative evidence 
highlights the known separate relationships between vision, cognition and gait in 
PD, but also provides some limited insight into visuo-cognitive interactions that 
may occur during gait.  
7.5.5. What are the relationships between demographics, cognition, 
vision and saccade frequency? 
As mentioned, saccades have known links to cognitive and visual processes. 
Surprisingly associations between saccade frequency (absolute and change 
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scores) and demographic, clinical, cognitive and visual functions demonstrated 
few significant findings within PD and controls. Further regression analysis also 
showed that within controls there were no significant associations between these 
features and saccade frequency (change scores). Lack of association may relate 
to the cognitive profile of each cohort, as this study involved a cognitively ‘normal’ 
(MoCA ≥ 26) control group and a large heterogeneous group of non-demented 
people with PD (MoCA ≥ 21, Table 7-1). Despite the PD group having saccade 
frequency impairment during gait, over the disease course PD likely impacts 
processes underlying saccades differently. This may have limited association 
interpretation due to the inclusion of people with PD at different stages of the 
disease, future studies may control for this with specific disease duration 
inclusion criteria such as use of an incident cohort. Another explanation would be 
that saccade frequency during gait may be driven by processes (attention or 
visual processing) too subtle to be noted within traditional standardised cognitive 
or visual function assessments.  
Irrespective of the limited number of significant associations, cognitive functions 
(primarily attention) were significantly related to saccade frequency in PD 
independent of demographic features, particularly under single task. Whereas 
counter to the study hypotheses no relationship was found between visual 
functions and saccade frequency in PD or controls, which differs from previous 
research (Clark et al., 2010; Galna et al., 2012). However under single task, 
attentions relationship with saccade frequency in PD was strengthened once it 
was combined within a regression model with visual functions (Model 4), which 
indicated potential visuo-cognitive interaction. This was further substantiated by 
significant relationship between attention and visual functions in PD.   
In general people with PD made less frequent saccades than controls during gait, 
but within PD there may be a non-linear saccadic impairment related to disease 
severity (depicted in Figure 7-6). An interesting finding was that greater disease 
severity (UPDRS-III) related to less change in saccade frequency in PD (ΔTurn), 
which differed from previous saccadic literature that reported no relationship 
between these features (Perneczky et al., 2011; Macaskill et al., 2012). Disease 
severity was not significantly related to absolute saccade frequency during the 
walking conditions (Straight, Door, Turn), but influenced the ability to change the 
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frequency of saccades with increased environmental complexity. This may be 
due to fewer saccades being made by those with milder PD during straight 
walking (Hypo-reflexive) than those with more advanced PD (Hyper-reflexive), 
which could be due to their ability to control reflexive saccadic activity 
(distraction) (Figure 7-6).  For example; with a change in environment (a Door or 
Turn) people with milder PD could increase their saccade frequency from the 
frequency made during straight walking, whereas those with more advanced PD 
likely made a similar frequency of saccades during all conditions (i.e. inability to 
control saccades).  However the correlation between disease severity and 
change in saccade frequency was likely mediated by cognition, particularly under 
single task. For example; when cognitive functions were entered into the 
regression model the relationship significantly weakened. These findings suggest 
that cognition, particularly attention plays a key role in saccade frequency 
(absolute and change scores) during gait in PD.  
7.5.6. Saccade frequency during gait is underpinned by attention in 
Parkinson’s disease  
Consistent with previous reports of saccadic activity (Seidlits et al., 2003; Mazer, 
2011), attention was associated with saccade frequency during gait under single 
task in PD. Poorer attention in PD was consistently related to less change in 
saccade frequency with environmental challenge (a door and turn). Those with 
better attention were able to increase their saccade frequency with environmental 
challenge (a door or turn), whereas those with poor attention had similar saccade 
frequency in all environments. This most likely relates to the finding that those 
with PD who had poorer attention made more frequent saccades during straight 
walking (PoA; r = 27, p = .049, Table 7-7, Figure 7-6), which was consistent with 
previous research (Galna et al., 2012). Poorer attention in PD relates to 
numerous dysfunctions, including reduced PFC activity and disruption of cortico-
BG loops (Gorges et al., 2015) and impacts inhibition (Deijen et al., 2006), which 
during straight walking likely led to increased reflexive saccades (hyper-reflexive) 
to irrelevant stimuli (Figure 7-6). For example, those with better attention were 
unable to initiate top-down saccades during straight walking but suppressed 
reflexive saccades to areas not relevant to the task, whereas those with poor 
attention were more distractible. This is consistent with previous reports of 
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difficulties distinguishing between relevant and irrelevant areas to a given task in 
PD (Verleger et al., 2014), which impacts saccade target selection within cortico-
BG loops (N'Guyen et al., 2014). Impaired attention in PD therefore led to a lack 
of control over saccade initiation and suppression, which presented as altered 
saccade frequency response during the walking conditions.  
 
Figure 7-6 –Non-linearity of saccade frequency during straight walking in 
Parkinson’s disease 
Surprisingly, association between attention and saccade frequency was not 
evident under dual task, likely due to greater cognitive burden triggering 
abnormal saccade facilitation (van Stockum et al., 2012) and inhibitory fluctuation 
(Anderson and MacAskill, 2013). However, working memory (Digit span) was 
found to be significantly associated with saccade frequency in PD under dual 
task. In contrast to attention under single task, poorer working memory related to 
higher saccade frequency change scores under dual task in PD. Therefore when 
attentional resources were saturated, those with poorer working memory may 
have been unable to inhibit reflexive saccades (Terao et al., 2013) (Figure 7-6). 
Working memory has previously been implicated in saccade inhibitory control 
(Kane et al., 2006) (mentioned in section 2.4.1), therefore despite lack of 
association it is likely that attention (with executive function) (Rochester et al., 
2014) influenced this relationship. The nature of dual task methodologies when 
investigating saccade frequency during gait has not been investigated, with only 
one  previous PD study of saccade frequency during gait using a dual task 
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(Galna et al., 2012). Although dual tasks are used to represent real-world 
distraction during gait and likely interfere with frontal voluntary saccadic and gait 
control in PD, the exact mechanisms that impact saccades during gait remain 
unclear.    
7.5.7. Saccade frequency and gait: a complex relationship 
Cognition and vision are known to influence both saccades and gait, however 
there was no significant association between saccade frequency (absolute or 
change scores) and gait in PD (Table 7-10). In contrast, more frequent saccades 
during gait were significantly associated with walking faster, with longer steps 
during a turn for controls. This evidence is important as no previous study has 
examined the association between saccade frequency during gait and gait 
characteristics in people with PD or older adults. 
Lack of association was unexpected, but highlights the complexity of the 
underlying visuo-cognitive mechanisms that influence PD gait impairment, as the 
underlying contributions undoubtedly vary depending upon the individual 
participant and task being undertaken. Indeed, saccade frequency and gait were 
both selectively impaired in PD compared to controls when walking regardless of 
attentional manipulation. However impaired saccade frequency and gait 
characteristics were both significantly associated with common cognitive 
dysfunctions in PD, such as impaired attention. Further, saccade frequency was 
independently associated with attention rather than demographic features, similar 
to previous findings in Parkinsonian gait (Lord et al., 2014). The complex 
relationships between cognition, vision, saccade frequency and gait in PD require 
further investigation to assess the specific visuo-cognitive interactions that relate 
to gait impairment (Chapter 9 extends this investigation). Ultimately however if 
attention influences saccade frequency and visual functions, then visual 
information would be reduced with PD impairment, with implications for safe and 
effective navigation. 
7.6. Conclusions 
In summary, the study described in this chapter demonstrated that both gait and 
visual sampling during gait are impaired in people with PD compared to age-
matched controls, particularly when distracted by a dual task. Attentional 
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manipulation via environmental challenge led to more conservative gait patterns 
and increased saccade frequency in both groups even under a dual task, 
however saccade frequency was still reduced in PD compared to controls. 
Surprisingly, gait characteristics and saccade frequency during gait were not 
related in PD but were in controls. However both gait and saccade frequency 
were selectively influenced by online attentional manipulation in both groups, and 
were associated with similar visuo-cognitive features in PD. Cognitive and visual 
functions were significantly related in both groups, but more so in PD. Cognitive 
functions, particularly attention were independently associated with saccade 
frequency in PD.  
Within the PD group only, those who had poorer attention made more frequent 
saccades during gait and changed saccadic frequency less in response to 
environmental challenge. It is therefore likely that impaired attentional processes 
in PD led to dysfunctional saccade generation during gait. For example; greater 
burden on the PFC for gait control and impaired inhibitory influence of the BG 
(controlled by projections from the PFC) likely contributed to less frequent 
voluntary saccade generation particularly when distracted (PFC further burdened) 
and fluctuations in inhibitory control of reflexive saccades.  
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8. Visual sampling during gait in Parkinson’s disease: response 
to visual cues 
8.1. Summary 
The purpose of this chapter was to investigate whether visual cues influence 
saccade frequency during gait in PD and older adult controls. Descriptive, 
correlational and regression analysis were used to examine the response of 
saccade frequency during gait when using a visual cue and the underlying 
mechanisms involved. Although not the primary focus of this study, gait 
characteristics were included as a secondary outcome. Correlational analysis 
between saccade frequency and gait characteristics when using a visual cue was 
also performed (Figure 2-1(D)).  
8.2. Introduction 
Dopaminergic medication has limited effect on gait characteristics in PD (Munoz-
Hellin et al., 2013). To ameliorate gait deficits in PD, attentional interventions 
such as visual cues (transverse lines to step over) are often taught (Brown and 
Marsden, 1988; Peterson and Smulders, 2015), which are shown to improve gait 
characteristics such as step length (Bagley et al., 1991; Baker et al., 2007). 
Indeed a recent systematic review on visual cueing in PD reported that gait 
characteristics, turning execution, dual task performance, freezing incidence and 
falls were all improved with the use of visual cues (Munoz-Hellin et al., 2013). 
Intervention response however is variable with some studies reporting no 
improvement with cueing (Almeida et al., 2002), and response is selective to 
certain gait characteristics (i.e. step length) and often only has short term effect 
(Morris et al., 2010). Regardless of limitations, visual cues are a recommended 
physiotherapy intervention for PD gait impairment (Keus et al., 2007), but the 
mechanisms underlying response are poorly understood. As mentioned in 
Chapter 2 (section 2.8), Vitorio et al. (2014) stated that there are currently two 
primary theories of visual cue response. The first suggests that visual cue 
response is due to attention and the second suggests that optic flow is 
responsible. These theories separate the roles of cognitive and visual functions 
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during gait when using visual cues; however it is likely that these functions 
interact during gait and have visuo-cognitive influence on cue response.  
Visuo-cognitive processes, measured via saccadic eye movements, involve a 
range of structures and functions that have previously not been robustly 
investigated when examining visual cue response. For example; attentional 
networks and structures (e.g. PFC, PPC, parietal eye-field etc.) involved in both 
circumventing dysfunctional BG to maintain gait and also visual processing  and 
saccade generation, such as; top-down and bottom-up attention (Baluch and Itti, 
2011). Visuo-cognitive processes are likely an important contributor to the 
mechanisms underlying beneficial response seen with visual cues. Indeed, recent 
evidence from Vitorio et al. (2014) alluded to a non-significant increase in fixation 
number and duration being linked with stepping behaviour when using a visual 
cue in people with PD and older adults. However this study only measured 
fixations in a small cohort of PD and did not investigate saccades which limited 
conclusions. Alterations in saccades with visual cues may be an important factor 
involved in cue response, as the integration of visuo-cognitive information, 
cortical saccade programming and planning/executing motor output is performed 
in the same cortical regions (Kravitz et al., 2011). For example, visual and 
cognitive loops interact and use the same resources in striatal regions, and the 
PFC and motor cortex are involved in saccadic and gait control.  
The purpose of this chapter was therefore to investigate response in saccade 
frequency during gait in PD and controls with attentional manipulation using a 
visual cue under both single and dual task. Specific hypotheses were that 
saccade frequency would increase in PD and controls with a visual cue which 
would be maintained under dual task. As in chapter 7, due to the multi-factorial 
nature of saccades it was hypothesised a priori that demographic features along 
with cognitive and visual functions would be associated with saccade frequency 
in PD.  
To assess these specific hypotheses a series of questions were raised, which 
form the structure of the analysis, results and discussion of this study. 
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Questions that this study will answer; 
 What are the descriptive differences between PD and controls? 
 What is the effect of a visual cue on saccade frequency during gait?  
 What is the effect of a visual cue on gait? 
 What are the relationships between saccade frequency, cognition, vision 
and gait with a visual cue?  
o What is the relationship between demographics, vision, cognition 
and gait when using a visual cue? 
o What is the relationship between demographics, vision, cognition 
and saccade frequency when using a visual cue?  
o What is the relationship between saccade frequency and gait when 
using a visual cue? 
8.3. Specific methods8 
8.3.1. Participants 
As described in section 4.2.1, this study involved 55 people with PD and 32 age-
matched older adult controls. Inclusion and exclusion criteria, along with study 
recruitment are provided within chapter 4. Clinical and further testing (detailed in 
Chapter 4) took place 1 hour after medication intake to ensure optimal function 
(‘On’ state of medication was verified at the beginning of the gait assessments 
through observation of hand clasping, finger and foot tapping aspects of the 
UPDRS III).  
8.3.2. Specific experimental design and procedure 
Saccade frequency during gait was measured while attention was manipulated 
using two different strategies; 1) a commonly used gait intervention namely a 
visual cue (with and without a door), and 2) performance of a dual task.  
1) Visual cue 
Participants were asked to walk at their usual pace during several straight 
walking conditions (Figure 8-1 and Appendix 15.0); straight with no visual cue, 
straight through a door with no visual cue, straight with a visual cue and straight 
                                            
8 The methods contained within this chapter have been published; Stuart et al. (2015) 
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with a visual cue through a door. Photographs of the walking conditions can be 
seen in Appendix 15.0. 
The commands used for each condition were as follows;  
“Begin looking at the camera, I will count down from 3 during which remain 
looking at the camera. When I say ‘Go’ you are free to look wherever you want. 
Also, on ‘Go’ begin walking straight ahead to the white line at end of the room 
(and step over the lines on the floor (visual cue conditions only)).”  
For all walking conditions the participants completed a 5m walk however only the 
first 2.5m (Figure 8-1) of the walk was analysed (to the location of the door), in 
keeping with chapter 7 (section 7.3.3). Three trials of each walking condition were 
performed and analysed. The visual cue consisted of highly salient black taped 
transverse lines placed on a white floor 50cm apart (approximately a normal step 
length) (Lewis et al., 2000; de Melo Roiz et al., 2011). Unlike some previous 
studies (Jiang and Norman, 2006; Espay et al., 2010) the cue was not tailored to 
individuals gait pattern as change in gait characteristics were not the primary 
focus of this study. 
 
 
Figure 8-1- Walking Conditions 
No Cue     No Cue & Door         Cue              Cue & Door 
2m 
0.5m 
Camera 
location 
2.5m 
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2) Dual Task 
Single and dual task walks were completed by the participants. The dual task 
was the same as used in chapter 7, and involved repetition of individuals maximal 
Wechsler Digit Span (Wechsler, 1945) during gait. The order of walking 
conditions were randomised (Figure 8-2), with non-cued straight walking always 
first to ensure participants could complete the task. Subsequent conditions were 
then randomly undertaken, as were the blocks of single and dual tasks.  
 
 
Figure 8-2 – Randomisation procedure of walking conditions 
 
8.3.3. Equipment 
Saccade frequency was measured using mobile eye-tracker and EOG systems in 
the same manner as described in section 4.10. Participants were asked to keep 
their face as relaxed as possible and to not to repeat any numbers during dual 
task before the doorway position, to avoid EOG data infiltration from muscle 
contraction artefact. Gait was measured using a 3D motion capture system.  
Randomised 
Single or Dual Task
Straight walk always 
first
Randomised 
Door, Cue and Cue 
with Door
Chapter 8: Visual sampling during gait in PD: response to visual cues 
 
149 
 
8.3.4. Outcome measures  
The primary outcome for this study was saccade frequency during gait. Saccade 
frequency change (Δ) scores (change in saccade frequency with a visual cue) 
were also created via set formula (1 and 2) to inform visual cue response under 
single and dual task.  
(1) Cue  -  No Cue  =  ΔCue 
(2) Cue & Door  -  No Cue & Door  =  ΔCue&Door 
This study reports saccade frequency in terms of absolute values measured 
during gait and change scores in order to overcome some of the measurement 
limitations observed within the accuracy and reliability testing (Chapter 5 and 6). 
Errors introduced into measurement will vary dependent on the individual, 
therefore calculating change score allows for mitigation of the intrinsic errors 
associated with mobile eye-tracking (i.e. each individual acts as their own control 
for the session). 
Secondary visual sampling characteristics were comprehensively reported but 
not formerly assessed, these included saccade number, duration, peak velocity, 
peak acceleration; fixation number and duration, and blink number. Other 
secondary outcomes included gait characteristics, such as; time taken to walk to 
the door location, step length, walk velocity, step time, double support, single 
support and cadence.  
8.3.5. Data and statistical analysis 
Data were assessed for normality with visual histograms and Kolmogorov-
Smirnov tests, meeting criteria for parametric analysis (Expósito-Ruiz et al., 2010; 
Ghasemi and Zahediasl, 2012; Field, 2013). Statistical tests were two-tailed and 
due to the exploratory nature of the study a significance value of p<0.05 was set. 
Preliminary pair-wise analysis via t-tests showed that there was no significant 
difference between the two straight walking conditions (No Cue or No Cue & 
Door) or the two cueing tasks (Cue or Cue & Door), therefore for further analysis 
data were collapsed into a none cued straight walking and a single cueing 
variable in order to avoid Type I error. The same was done for the gait 
characteristics to allow for comparison. 
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Figure 8-3 shows the four step analysis that was performed in order to answer 
the specific questions set out at the start of this chapter, and further details follow. 
 
Figure 8-3 – Data analysis flow chart 
Step 1: What are the descriptive differences between PD and controls? 
To address this question, analysis for descriptive data described in chapter 4 
section 4.12 was performed. Univariate analysis was also performed to assess 
performance on the dual task (digit span) during the gait trials. 
Step 2: What is the effect of a visual cue on saccade frequency during gait? 
To answer this question a repeat measures ANOVA was used to compare the 
effect of attentional manipulation via visual cue (No Cue or Cue) and dual task 
(single or dual) on saccade frequency, with group (PD or control) as a between 
subject factor. A second repeat measures ANOVA was conducted to compare 
the effect of a visual cue (none cued and cued) and dual task on change scores 
(ΔCue and ΔCue&Door), with group (PD or control) as a between subject factor. 
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In order to interpret two way interactive relationships data were plotted and 
presented graphically (Field, 2013). 
Step 3: What is the effect of a visual cue on gait? 
Gait was not the primary focus of this study. However several repeat measures 
analysis of co-variance (ANCOVA) were used to compare the effect of cueing 
and dual task on gait outcomes, with group as a between subject factor and 
height entered as a covariate. To interpret two and three-way interactive 
relationships data were plotted and presented graphically. To further examine 
three-way interaction (environment x cue x group) several separate post hoc 
repeat measures ANCOVAs were conducted, similar to gait analysis performed in 
previous research (Errington et al., 2013; Menant et al., 2014). This was carried 
out as there is no proper facility in SPSS for producing post hoc tests for repeat 
measures ANCOVAs (Field, 2013).  
Step 4: what are the relationships between saccade frequency, cognition, 
vision and gait with a visual cue? 
1. What is the relationship between demographics, cognition, vision and gait 
when using a visual cue? 
To answer this question, relationships between demographic, clinical, cognitive 
and visual functions and gait were also explored using Pearson correlation 
coefficients, these are presented in Appendix 19.0 and 20.0 as gait was a 
secondary outcome for this study. 
2. What is the relationship between demographics, cognition, vision and 
saccade frequency when using a visual cue? 
To answer this question, the analysis was conducted in two stages (2a and 2b); 
2(a): Correlation 
Initially Pearson correlation coefficients were calculated to explore associations 
between saccade frequency (absolute and change scores) during gait and 
independent demographic, cognitive, visual functions and clinical variables.   
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2(b): Multiple Regression 
The same exploratory regression analysis used in chapter 7 was used to further 
investigate the underlying mechanisms involved in saccade frequency during gait 
with a visual cue. Saccade frequency change scores (e.g. ∆Cue, ∆Cue&Door) 
were used to represent visual sampling (Allison, 1990). The same regression 
models detailed in chapter 7 were developed within this study. Demographic 
features (Age, MoCA, UPDRSIII, GDS-15) were entered into the first step (Model 
1), cognitive (Model 2) and visual functions (Model 3) in separate steps, and a 
final model is presented (Model 4).  
Co-linearity statistics (Tolerance and VIF) were inspected and indicated that multi 
co-linearity was not a concern (all Tolerance >.30 and VIF <10), and the Durbin-
Watson statistic was used to identify autocorrelation (values less than 1 and 
greater than 3 were identified as problematic) and indicated that data met the 
assumption of independent errors (Field, 2013). Standardised residuals were 
inspected for normality via histograms which indicated all data contained 
approximately normally distributed errors, as did the P-P plot of standardised 
residuals, which showed that points were not completely on the line but were 
close to it (Field, 2013).  
3. What is the relationship between saccade frequency and gait when using 
a visual cue? 
Finally, to answer this question a matrix of Pearson correlation coefficients 
explored the relationship between saccade frequency (absolute and change 
scores) and gait characteristics when using a visual cue. Trial duration was not 
included in this second matrix to avoid type I error, as it was used to derive 
saccade frequency (number of saccades/trial duration = saccade frequency).  
8.4. Results 
8.4.1. Step 1: What are the descriptive differences between PD and 
controls? 
Table 8-1 demonstrates that both groups were well matched for age (p = .657), 
sex (p = .115) and education (p = .063). Surprisingly people with PD weighed 
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significantly more (p = .026) than the controls, possibly due to the increased 
number of males within the PD group despite lack of significant difference. PD 
group depression rates (GDS-15) and fear of falling (FES-I) (p < .001) were 
significantly higher. The PD group consisted of a heterogeneous participant 
group (Mean disease duration, ~69 ± 72 months) who had moderate disease 
severity (UPDRS III, ~37 ± 14). In line with chapter 7, Table 8-1 shows that 
people with PD had impaired global cognitive ability compared to controls, with 
significantly lower MoCA (p < .001) and ACE-R (p < .001) scores. Similar to the 
previous study, differences were expected as the PD group involved non-
demented participants (MoCA ≥ 21) whereas the control group were required to 
be cognitively ‘normal’ (MoCA ≥ 26). Other specific cognitive functions were 
significantly different between the groups. Attention (PoA and FoA, p < .001), 
executive function (CLOX, p = .013), visuo-spatial ability (JLO, p = .019) and 
working memory (Digit span, p < .001) were all significantly impaired in PD 
compared to controls. Basic visual functions of VA (p = .007) and CS (p = .004) 
were also significantly impaired in PD compared to controls.  
Table 8-2 shows the percentage of incorrect responses on the dual task during 
gait by the two groups (PD and controls), with and without a visual cue. Results 
indicate that dual task error significantly reduced with a visual cue in both groups. 
Dual task error reduction was also evident within both walking conditions 
(Straight, Door) within the PD group. 
A comprehensive account of the visual sampling characteristics employed by 
people with PD and controls during the various gait tasks can be seen in Table 8-
3 and Appendix 18.0. The groups were different on all visual sampling 
characteristics, but few significant differences were seen. People with PD had 
reduced fixation number without a visual cue compared to controls. However 
fixation number increased in response to a visual cue for both groups, more so in 
people with PD. People with PD also generally had longer saccade durations, 
smaller amplitudes, higher peak velocities and accelerations, longer fixation 
duration and reduced number of blinks than controls.  
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Table 8-1- Demographic, cognitive, visual and clinical characteristics 
  Control (n=32) 
Mean (SD) 
PD (n=55) 
Mean (SD) p 
Demographic Age (years) 67.03 (10.80) 67.93 (7.86) 0.657 
 Sex 15M/17F 36M/19F 0.115† 
 Height (cm) 168.36 (10.12) 171.40 (9.10) 0.153 
 Weight (kg) 73.98 (12.70) 82.98 (19.78) 0.026* 
 Education (years) 14.63 (2.83) 13.24 (3.57) 0.063 
 Depression scale (GDS-15) 0.78 (0.94) 2.56 (2.60) 0.000* 
 Falls efficacy scale (FES-I) 18.88 (2.34) 24.62 (8.21) 0.000* 
 Retrospective Falls  (no. in 12 
months) 
0 (1) 1 (3) 0.259 
Cognition Montreal Cognitive Assessment 
(MoCA)  
28.41 (1.24) 26.71 (2.18) 0.000* 
 Addenbrookes (ACE-R) 95.13 (3.46) 89.87 (7.22) 0.000* 
Attention Power of attention  1274.22 
(151.83) 
1441.5 (258.84) 0.001* 
 Fluctuation of attention  49.02 (9.65) 59.55 (14.42) 0.000* 
Executive function Royals CLOX 1  13.50 (1.14) 12.75 (1.44) 0.013* 
Visuo-spatial 
ability 
Royals CLOX 2 13.72 (1.02) 13.44 (1.57) 0.366 
 Judgement of line orientation 25.56 (3.98) 23.12 (4.87) 0.019* 
 VOSP - Total 48.81 (1.06) 47.71 (3.59) 0.095 
 VOSP - Incomplete letters 19.38 (0.66) 19.09 (1.11) 0.191 
 VOSP - Dot counting 9.88 (0.34) 9.82 (0.51) 0.577 
 VOSP - Position 
Discrimination 
19.56 (0.80) 18.80 (3.00) 0.164 
Working memory Max Digit Span Length (sitting) 6.56 (1.01) 5.69 (1.12) 0.000* 
Visual function Visual acuity (LogMar) -0.07 (0.13) 0.03 (0.16) 0.007* 
 Contrast sensitivity (LogCS) 1.64 (0.09) 1.55 (0.14) 0.004* 
Clinical Hoehn and Yahr stage  - I (20)/II (30)/III 
(5) 
- 
 Disease duration (months) - 68.67 (72.30) - 
 UPDRS part I - 10.64 (5.19) - 
 UPDRS part II - 10.95 (7.27) - 
 UPDRS part III - 36.80 (14.22) - 
 UPDRS part IV - 2.47 (3.09) - 
 FOGQ - 3.58 (6.27) - 
 LED - 599.87 (402.56) - 
[*significance level p<0.05, LED= levodopa equivalent daily dosage, FOGQ = Freezing of gait questionnaire, VOSP= 
visual object and spatial perception battery, † = X²] 
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Table 8-2 - Dual task errors 
  Digit Span Errors (%)  
Group Environment Mean (SD) p 
  No Cue Cue  
Control  Straight 27.08 (31.04) 12.50 (27.76) .004* 
 Door 18.75 (25.31) 18.97 (26.56) .214 
PD Straight 28.48 (32.34) 20.61 (26.05) .279 
 Door 26.67 (32.33) 12.82 (21.43) .007* 
[*significance level p<0.05] 
 
8.4.2. Step 2: What is the effect of a visual cue on saccade frequency 
during gait? 
Descriptive data and repeat measure ANOVA results for the primary outcome of 
saccade frequency during gait are shown in Table 8-3 and depicted in Figure 8-4. 
Results demonstrated that there was no main effect for group (p = .467), which 
showed that there was no significant difference in saccade frequency during gait 
between people with PD and controls, regardless of condition. However in 
general people with PD made less frequent saccades during all of the non-cued 
walking conditions (No Cue, No Cue & Door). There were main effects for visual 
cue (p < .001) and dual task (p = .001) on saccade frequency during gait. This 
showed that both groups made significantly more frequent saccades when using 
a visual cue (with slightly greater effect in PD), and significantly less frequent 
saccades under a dual task, which is shown in Figure 8-4. There was also a main 
effect for dual task on saccade frequency change scores (p = .008), 
demonstrating that when using a visual cue both people with PD and controls 
increased their saccade frequency more under dual task than single task. 
The most interesting finding was that under dual task saccade frequency (change 
scores) during gait was maintained (comparable to single task) with a visual cue 
for both groups (Figure 8-4), which was shown by a visual cue by dual task 
interaction (Table 8-3). There was also a trend towards significance for a three-
way interaction (group x visual cue x dual task; p = .055) for saccade frequency 
(change scores), which showed that this study may have been under-powered to 
detect the subtle differences seen when using a visual cue or visual cue with a 
doorway (i.e. cue response differs depending on attentional manipulation and 
pathology). 
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Table 8-3 - Visual sampling characteristics with summary of the repeated 
measures ANOVAs for saccade frequency and change score 
   Saccade 
   Frequency 
   (Sacc/sec) 
Group Cognitive 
Task 
Environment Mean (SD) 
Control Single  No Cue 0.70 (0.48) 
(n=32)  Cue 1.08 (0.46) 
  No Cue & Door 0.69 (0.53) 
  Cue & Door 1.19 (0.56) 
  ∆Cue 0.38 (0.62) 
  ∆Cue&Door 0.50 (0.75) 
 Dual  No Cue 0.41 (0.36) 
  Cue 1.05 (0.60) 
  No Cue & Door 0.55 (0.37) 
  Cue & Door  1.21 (0.66) 
  ∆Cue 0.65 (0.73) 
  ∆Cue&Door 0.57 (0.61) 
PD Single  No Cue 0.48 (0.55) 
(n=55)  Cue 1.15 (0.61) 
  No Cue & Door 0.69 (0.53) 
  Cue & Door  1.15 (0.60) 
  ∆Cue 0.67 (0.85) 
  ∆Cue&Door 0.47 (0.68) 
 Dual  No Cue 0.30 (0.38) 
  Cue 1.07 (0.59) 
  No Cue & Door 0.39 (0.39) 
  Cue & Door  1.20 (0.66) 
  ∆Cue 0.77 (0.71) 
  ∆Cue&Door 0.82 (0.66) 
Effect 
 Saccade frequency  
(sacc/sec) 
Change score 
(Δsacc/sec) 
  F p F p 
 Group .533 .467 2.08 .153 
 Cue 117.42 .000* .173 .678 
 Dual  11.97 .001* 7.45 .008* 
 Group x Cue 2.08 .153 .119 .731 
 Group x Dual .018 .893 .592 .444 
 Cue x Dual  7.45 .008* .071 .790 
 Group x Cue x Dual  .119 .731 3.79 .055 
[*significance level p<0.05 Controls vs PD, Saccade frequency was calculated from a Dikablis mobile eye-tracker (50Hz), 
repeat measures ANOVA for straight walking with and without a cue presented] 
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Figure 8-4 – Saccade frequency during gait with and without a visual cue 
[No Cue = Mean(No Cue, No Cue & Door), and Cue = Mean(Cue, Door & Cue), Single and Dual; same data 
as used in repeat measures ANOVA, Means and SDs displayed] 
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8.4.3. Step 3: What is the effect of a visual cue on gait? 
Response of specific gait characteristics to visual cues was not the focus of this 
study, but for comprehensive data reporting all recorded gait characteristics are 
described in Table 8-4 and depicted in Figure 8-5. Descriptive data for the 
participants gait characteristics indicated that regardless of the walking condition 
people with PD overall had worse gait than controls (i.e. short step lengths, 
slower velocity etc.).   
Unexpectedly the visual cue condition reduced step length and velocity for both 
groups, however the range of step length indicated that individual gait 
characteristics and response varied. Several participants in the PD group had 
large step lengths comparable to controls (0.85-0.87m, Table 8-4). Change in 
step length ranged from 0.40-0.85m (No Cue) to 0.46-0.68m (Visual cue), which 
meant that when using a visual cue participant step length was closer to the cued 
distance (50cm). Some people increased their step length with a visual cue (from 
0.40m to 0.46m), whereas others adapted their gait by reducing step length to 
complete the visual cue condition. People with PD who increased their step 
length with a visual cue (n = 15) had shorter baseline (No Cue) step length (mean 
0.51m, SD 0.04m, range 0.40-0.55m) than those whose step length reduced (n = 
40) with a visual cue (mean 0.66m, SD 0.08m, range 0.54-0.85m).  
Two-way interactions for group with cue and dual task (step time and single 
support time; Table 8-4) indicated that step time and single support time were 
increased in PD (i.e. longer steps) but reduced in controls (i.e. quicker steps) with 
a cue, under single and dual task. Three-way interaction (Group x Cue x Dual) 
was seen for step length and velocity. Post hoc analysis showed that people with 
PD did not reduce their step length and velocity as much as controls with a visual 
cue (step length; p = .001, velocity; p = .031) or dual task (step length; p = .001, 
velocity; p = .002). However step length (p = .472) and velocity (p = .271) were 
similar for both groups with a cue under single and dual task. Overall, with a 
visual cue both groups reduced velocity and step length (closer to 50cm), which 
was maintained (similar to single task) under dual task (Figure 8-5). 
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Table 8-4 - Gait characteristics with summary of the repeat measures ANCOVAs 
 Attentional manipulation Time to Door  
(s) 
Step Length  
(m) 
Velocity  
(m/s) 
Step Time  
(s) 
Single Support 
Time (s) 
Double Support  
Time (s) 
Group Cognitive 
Task 
Environment Mean (SD) Mean (SD) Range  
(Min - Max) 
Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
Control  Single No Cue 2.70 (0.44) 0.70 (0.08) 0.56 – 0.85 1.26 (0.18) 0.55 (0.05) 0.43 (0.04) 0.26 (0.06) 
(n=32)  Cue 2.83 (0.55) 0.59 (0.08) 0.52 –0.90 1.13 (0.17) 0.53 (0.04) 0.41 (0.04) 0.27 (0.05) 
  No Cue & Door 2.75 (0.52) 0.71 (0.08) 0.56 – 0.89 1.31 (0.18) 0.54 (0.05) 0.42 (0.03) 0.26 (0.06) 
  Cue & Door  2.77 (0.41) 0.60 (0.09) 0.53 – 0.98 1.13 (0.18) 0.53 (0.04) 0.42 (0.03) 0.26 (0.06) 
 Dual No Cue 3.08 (0.56) 0.65 (0.07) 0.53 – 0.83 1.11 (0.19) 0.58 (0.06) 0.45 (0.04) 0.29 (0.07) 
  Cue 2.85 (0.40) 0.59 (0.07) 0.53 – 0.81 1.08 (0.16) 0.55 (0.05) 0.43 (0.03) 0.28 (0.06) 
  No Cue & Door 2.87 (0.46) 0.65 (0.07) 0.51 – 0.85 1.15 (0.19) 0.57 (0.06) 0.43 (0.04) 0.28 (0.06) 
  Cue & Door  2.87 (0.43) 0.59 (0.06) 0.52 – 0.79 1.08 (0.15) 0.55 (0.05) 0.42 (0.03) 0.28 (0.06) 
PD Single No Cue 3.05 (0.60) 0.62 (0.10) 0.40 – 0.85 1.06 (0.19) 0.58 (0.06) 0.44 (0.05) 0.32 (0.10) 
(n=55)  Cue 3.19 (0.58) 0.57 (0.03) 0.46 – 0.68 0.96 (0.17) 0.60 (0.09) 0.45 (0.06) 0.33 (0.14) 
  No Cue & Door 2.94 (0.60) 0.63 (0.10) 0.38 – 0.87 1.09 (0.19) 0.57 (0.05) 0.42 (0.04) 0.31 (0.09) 
  Cue & Door  3.16 (0.59) 0.57 (0.03) 0.48 – 0.69 0.97 (0.14) 0.59 (0.08) 0.45 (0.05) 0.33 (0.14) 
 Dual No Cue 3.19 (0.64) 0.59 (0.09) 0.39 – 0.84 0.98 (0.20) 0.60 (0.09) 0.45 (0.06) 0.34 (0.10) 
  Cue 3.27 (0.60) 0.56 (0.03) 0.40 – 0.65 0.94 (0.14) 0.62 (0.11) 0.46 (0.06) 0.35 (0.14) 
  No Cue & Door 3.13 (0.59) 0.59 (0.09) 0.39 – 0.83 1.00 (0.19) 0.59 (0.07) 0.43 (0.05) 0.33 (0.08) 
  Cue & Door  3.26 (0.54) 0.56 (0.05) 0.39 – 0.63 0.94 (0.14) 0.61 (0.09) 0.45 (0.06) 0.35 (0.14) 
Effect F p F p F p F p F p F p 
Group 8.409 .005* 21.085 .000* 23.065 .000* 8.951 .004* 3.050 .084 7.632 .007* 
Cue .267 .607 8.318 .005* 3.812 .054 3.207 .077 1.225 .272 .003 .955 
Dual 1.197 .277 .017 .896 2.074 .154 2.437 .122 1.506 .223 2.467 .120 
Group x Cue 7.504 .008* 8.603 .004* 1.345 .249 13.289 .000* 16.430 .000* .684 .410 
Group x Dual .193 .662 7.387 .008* 7.492 .008* .345 .559 .154 .696 .033 .857 
Cue x Dual 1.604 .209 .258 .613 .456 .501 .054 .816 .112 .739 1.067 .305 
Group x Cue x Dual 2.951 .089 7.597 .007* 7.838 .006* 1.224 .272 1.434 .234 .020 .888 
[*significance level p<0.05, Straight walking with and without a cue, Height was entered as a covariate]  
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Figure 8-5 - Gait characteristics during walking with cue and no cue [used in repeat measures ANCOVAs] 
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8.4.4. Step 4: What are the relationships between saccade frequency, 
cognition, vision and gait with a visual cue? 
1: Relationship between demographics, cognition, vision and gait when using a 
visual cue 
Gait characteristics were secondary outcomes for this study and therefore 
correlations between demographic features, cognition, vision and gait are shown 
in Appendix 19.0 and 20.0 for controls and PD respectively.  As expected, 
selective significant associations between these features were evident when 
using a visual cue in PD. For people with PD, worse depression, fear of falling 
and disease severity related to poorer gait with a visual cue under single and dual 
task. Increased velocity when using a visual cue was related to better global 
cognition (e.g. MoCA; r = .29, p = .032), attention (e.g. FoA; r = -.34, p = .011) 
and visuo-spatial ability (e.g. JLO; r = .36, p = .008). Increased double support 
time was also related to poorer visual function (e.g. VA; r = .35, p = .010).  
Surprisingly there were no significant cognitive or visual function relationships 
with gait for controls. However, there were several demographic features that 
were significantly related with gait for controls. Advanced age (e.g. r = -.42, p = 
.007), greater weight (e.g. r = .39, p = .014), worse depression (e.g. r = .34, p = 
.030) and fear of falling (e.g. r = .35, p = .026) in controls were significantly 
association with selective gait impairments when using a visual cue under single 
and dual task.  
2(a): Relationship between demographics, cognition, vision and saccade 
frequency when using a visual cue; Correlation 
A matrix of correlations between saccade frequency (absolute and change 
scores) and clinical and demographic variables is presented in Table 8-5 for 
people with PD and controls. Correlations between saccade frequency (absolute 
and change scores) and cognitive and visual functions are presented in Table 8-6 
for controls and Table 8-7 for PD.  
Surprisingly, there were few significant relationships between saccade frequency 
during gait and the other independent variables, and correlations that were 
significant tended to be weak to moderate (r <.30 to .50). Despite this there were 
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several significant correlations for saccade frequency during gait variables. 
During straight walking (No Cue and No Cue & Door), increased saccade 
frequency in PD was associated with poorer attention (PoA; r = .27, p = .047 and 
FoA; r = .25, p = .070), greater disease severity (UPDRS III; r = .27, p = .050) and 
advanced age (Age; r = .28, p = .041), particularly under single task. Whereas 
with a visual cue, better global cognition (MoCA; r = -.37, p = .038), attention 
(FoA; r = .35, p = .047) and visual function (CS; r =.37, p = .039) related to higher 
saccade frequency in controls, but not PD. Similarly, better visuo-spatial ability, 
executive function and working memory related to increased saccade frequency 
with a cue under dual task for controls (Table 8-5).  
Greater change in saccade frequency with a cue (∆Cue) under single task was 
significantly associated with better attention (FoA; r = -.27, p = .049) in PD. 
However the only consistent relationship was found in PD between lower 
saccade frequency change scores (∆Cue and ∆Cue&Door) and greater disease 
severity, under single (r = -.27, p = .048) and dual task (r = -.30 p = .028, r = -.31 
p = .021). Interestingly, for both PD and controls fear of falling (FES-I) was 
related to saccade frequency (absolute and change score) with a visual cue 
under dual task. However, the relationship between fear of falling and saccade 
frequency was opposite within the groups. Specifically people with PD who had 
greater fear of falling made less frequent saccades during gait with a visual cue (r 
= -.31, p = .022), and changed their saccade frequency less with a visual cue (r = 
-.28, p =.037), whereas the opposite was true for controls (Table 8-5). 
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Table 8-5 – Demographic and clinical relationships with saccade frequency during 
gait in Parkinson’s disease and controls 
r (p)   Demographics Clinical 
  Saccade 
frequency 
Age GDS-
15 
FES-I UPDRS 
III 
FOGQ LED PD 
duration 
Control  ST No Cue -.093 
(.612) 
.109 
(.551) 
-.017 
(.925) 
- - - - 
  No Cue & 
Door 
-.115 
(.532) 
.095 
(.606) 
-.053 
(.774) 
- - - - 
  Cue .270 
(.135) 
-.068 
(.711) 
.196 
(.282) 
- - - - 
  Cue & Door .014 
(.941) 
-.104 
(.572) 
-.212 
(.244) 
- - - - 
  ∆Cue .272 
(.132) 
-.135 
(.461) 
.159 
(.385) 
- - - - 
  ∆Cue&Door .091 
(.622) 
-.143 
(.433) 
-.120 
(.512) 
- - - - 
 DT No Cue -.101 
(.581) 
-.342 
(.055) 
-.274 
(.129) 
- - - - 
  No Cue & 
Door 
-.018 
(.924) 
-.112 
(.543) 
-.118 
(.521) 
- - - - 
  Cue -.059 
(.747) 
-.084 
(.647) 
.504 
(.003)* 
- - - - 
  Cue & Door -.106 
(.565) 
-.192 
(.291) 
-.067 
(.714) 
- - - - 
  ∆Cue .001 
(.994) 
.101 
(.583) 
.552 
(.001)* 
- - - - 
  ∆Cue&Door -.087 
(.636) 
-.110 
(.551) 
.010 
(.957) 
- - - - 
PD  ST No Cue .276 
(.041)* 
-.054 
(.697) 
-.180 
(.187) 
.227 
(.095) 
-.116 
(.399) 
-.161 
(.250) 
-.046 
(.738) 
  No Cue & 
Door 
-.014 
(.919) 
-.007 
(.962) 
.031 
(.824) 
.050 
(.720) 
-.079 
(.566) 
-.121 
(.388) 
-.030 
(.830) 
  Cue .065 
(.638) 
.071 
(.604) 
.024 
(.859) 
-.170 
(.214) 
.007 
(.959) 
.012 
(.931) 
.038 
(.785) 
  Cue & Door .092 
(.505) 
-.026 
(.848) 
-.145 
(.293) 
-.118 
(.391) 
-.218 
(.109) 
-.041 
(.771) 
-.026 
(.849) 
  ∆Cue -.132 
(.338) 
.086 
(.534) 
.134 
(.330) 
-.268 
(.048)* 
.080 
(.562) 
.111 
(.429) 
.057 
(.682) 
  ∆Cue&Door .094 
(.496) 
-.017 
(.900) 
-.155 
(.258) 
-.149 
(.270) 
.204 
(.135) 
.073 
(.605) 
.003 
(.980) 
 DT No Cue .143 
(.299) 
-.155 
(.258) 
.051 
(.714) 
.244 
(.073) 
.039 
(.778) 
.109 
(.436) 
.012 
(.933) 
  No Cue & 
Door 
.037 
(.791) 
.046 
(.740) 
-.074 
(.590) 
.266 
(.050) 
.047 
(.731) 
-.022 
(.878) 
.056 
(.683) 
  Cue .168 
(.220) 
-.175 
(.202) 
-.309 
(.022)* 
-.203 
(.138) 
.150 
(.273) 
-.043 
(.761) 
-.041 
(.765) 
  Cue & Door .207 
(.130) 
-.114 
(.408) 
-.187 
(.171) 
-.151 
(.270) 
-.200 
(.143) 
.037 
(.790) 
-.061 
(.659) 
  ∆Cue .064 
(.644) 
-.062 
(.650) 
-.282 
(.037)* 
-.296 
(.028)* 
-.201 
(.142) 
-.093 
(.508) 
-.040 
(.771) 
  ∆Cue&Door .186 
(.174) 
-.070 
(.611) 
-.163 
(.234) 
-.310 
(.021)* 
-.229 
(.093) 
.051 
(.719) 
-.095 
(.492) 
[*significance level p<0.05, ST = single task, DT = Dual task] 
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Table 8-6 - Cognitive and visual function relationships with saccade frequency during gait in controls 
r (p) Cognition Visual functions 
 Saccade 
frequency 
MoCA ACE-R PoA FoA JLO CLOX 1 CLOX 2 VOSP-
Total 
Digit 
span 
VA CS 
ST No Cue -.080 
(.665) 
.016 
(.931) 
.017 
(.927) 
.099 
(.588) 
.117 
(.525) 
.146 
(.424) 
-.099 
(.591) 
.243 
(.181) 
-.076 
(.681) 
-.245 
(.176) 
.013 
(.942) 
 No Cue & Door -.112 
(.542) 
.132 
(.472) 
.011 
(.950) 
.034 
(.855) 
-.175 
(.337) 
-.133 
(.467) 
-.153 
(.403) 
.022 
(.905) 
-.102 
(.579) 
-.018 
(.921) 
-.049 
(.790) 
 Cue -.285 
(.114) 
-.118 
(.520) 
.103 
(.576) 
.354 
(.047)* 
.139 
(.448) 
.052 
(.778) 
.022 
(.903) 
.107 
(.558) 
.085 
(.642) 
-.210 
(.250) 
.366 
(.039)* 
 Cue & Door -.369 
(.038)* 
-.016 
(.930) 
-.171 
(.350) 
.075 
(.682) 
.059 
(.748) 
-.057 
(.756) 
-.046 
(.802) 
-.036 
(.843) 
-.031 
(.866) 
-.032 
(.860) 
.040 
(.826) 
 ∆Cue -.150 
(.412) 
-.100 
(.586) 
.063 
(.731) 
.185 
(.309) 
.013 
(.944) 
-.075 
(.685) 
.093 
(.613) 
-.108 
(.557) 
.122 
(.507) 
.034 
(.853) 
.261 
(.148) 
 ∆Cue&Door -.195 
(.284) 
-.104 
(.570) 
-.135 
(.462) 
.032 
(.860) 
.167 
(.361) 
.051 
(.781) 
.073 
(.691) 
-.042 
(.818) 
.048 
(.792) 
-.011 
(.951) 
.064 
(.727) 
DT No Cue -.122 
(.506) 
.158 
(.387) 
.025 
(.893) 
.076 
(.679) 
.139 
(.450) 
.078 
(.670) 
-.181 
(.320) 
.007 
(.969) 
-.219 
(.228) 
.126 
(.492) 
-.199 
(.274) 
 No Cue & Door -.177 
(.333) 
-.112 
(.543) 
.059 
(.749) 
.223 
(.221) 
-.017 
(.925) 
-.103 
(.573) 
.005 
(.977) 
.152 
(.406) 
-.469 
(.007)* 
.147 
(.423) 
-.165 
(.366) 
 Cue -.255 
(.159) 
-.002 
(.990) 
-.043 
(.815) 
-.149 
(.414) 
.371 
(.036)* 
.127 
(.489) 
.125 
(.495) 
.158 
(.387) 
-.201 
(.270) 
-.038 
(.836) 
.001 
(.996) 
 Cue & Door -.047 
(.799) 
.031 
(.866) 
-.235 
(.196) 
-.092 
(.616) 
.249 
(.169) 
.322 
(.073) 
.376 
(.034)* 
.138 
(.451) 
-.091 
(.620) 
-.273 
(.130) 
-.052 
(.776) 
 ∆Cue -.150 
(.413) 
-.081 
(.661) 
-.048 
(.795) 
-.161 
(.379) 
.237 
(.191) 
.066 
(.721) 
.193 
(.289) 
.127 
(.488) 
-.057 
(.757) 
-.094 
(.609) 
.100 
(.587) 
 ∆Cue&Door .065 
(.724) 
.097 
(.597) 
-.253 
(.162) 
-.222 
(.223) 
.241 
(.184) 
.361 
(.042)* 
.345 
(.053) 
.034 
(.852) 
.204 
(.264) 
-.343 
(.055) 
.053 
(.773) 
[*significance level p<0.05, ST = single task, DT = Dual task] 
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Table 8-7 - Cognitive and visual function relationships with saccade frequency during gait in Parkinson’s disease 
r (p) Cognition Visual 
functions 
 Saccade 
frequency 
MoCA ACE-R PoA FoA JLO CLOX 
1 
CLOX 
2 
VOSP-
Total 
Digit 
span 
VA CS 
ST No Cue .032 
(.815) 
-.076 
(.579) 
.269 
(.047)* 
.264 
(.052) 
-.028 
(.840) 
.051 
(.709) 
-.036 
(.796) 
-.059 
(.669) 
-.034 
(.805) 
.042 
(.758) 
-.016 
(.907) 
 No Cue & Door .060 
(.662) 
.101 
(.464) 
-.029 
(.836) 
-.161 
(.240) 
.021 
(.880) 
.260 
(.055) 
.131 
(.341) 
.125 
(.362) 
-.027 
(.842) 
-.137 
(.319) 
.087 
(.527) 
 Cue -.111 
(.422) 
-.258 
(.057) 
.088 
(.522) 
-.138 
(.314) 
.241 
(.076) 
-.090 
(.514) 
.178 
(.195) 
.009 
(.948) 
.066 
(.633) 
.047 
(.736) 
-.047 
(.731) 
 Cue & Door .063 
(.646) 
.093 
(.499) 
-.075 
(.588) 
-.168 
(.220) 
.247 
(.070) 
.011 
(.937) 
.242 
(.076) 
.147 
(.285) 
.003 
(.985) 
-.062 
(.655) 
-.031 
(.825) 
 ∆Cue -.017 
(.900) 
-.135 
(.325) 
.111 
(.429) 
-.267 
(.049)* 
.190 
(.165) 
-.097 
(.480) 
.150 
(.275) 
.044 
(.747) 
.069 
(.617) 
.006 
(.966) 
-.023 
(.865) 
 ∆Cue&Door .002 
(.991) 
-.008 
(.952) 
.073 
(.605) 
-.004 
(.978) 
.199 
(.145) 
-.224 
(.100) 
.096 
(.486) 
.017 
(.902) 
.027 
(.845) 
.069 
(.618) 
-.105 
(.444) 
DT No Cue -.198 
(.147) 
-.201 
(.142) 
.125 
(.364) 
.102 
(.460) 
-.189 
(.166) 
-.104 
(.451) 
-.177 
(.195) 
-.062 
(.653) 
.138 
(.314) 
.017 
(.899) 
-.040 
(.774) 
 No Cue & Door -.014 
(.917) 
.003 
(.982) 
.014 
(.916) 
-.083 
(.547) 
.046 
(.740) 
.043 
(.754) 
.049 
(.724) 
-.093 
(.499) 
-.022 
(.874) 
-.086 
(.534) 
.088 
(.524) 
 Cue .017 
(.905) 
.028 
(.840) 
.026 
(.852) 
-.158 
(.250) 
.108 
(.432) 
-.093 
(.498) 
.047 
(.733) 
.046 
(.738) 
-.038 
(.781) 
.098 
(.478) 
-.010 
(.942) 
 Cue & Door .159 
(.245) 
.064 
(.643) 
-.104 
(.449) 
-.187 
(.171) 
.075 
(.585) 
.085 
(.540) 
.286 
(.034)* 
-.082 
(.549) 
.002 
(.991) 
.096 
(.484) 
-.130 
(.343) 
 ∆Cue .118 
(.391) 
.129 
(.349) 
-.093 
(.508) 
-.184 
(.179) 
.189 
(.167) 
-.022 
(.872) 
.132 
(.335) 
.071 
(.608) 
-.105 
(.447) 
.071 
(.605) 
.013 
(.927) 
 ∆Cue&Door .169 
(.219) 
.062 
(.652) 
.051 
(.719) 
-.139 
(.313) 
.048 
(.725) 
.059 
(.668) 
.259 
(.056) 
-.027 
(.842) 
.015 
(.916) 
.148 
(.282) 
-.183 
(.181) 
[*significance level p<0.05, ST = single task, DT = Dual task] 
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2(b): Relationship between demographics, cognition, vision and saccade 
frequency when using a visual cue; Regression 
A series of multivariate regression models were used to further investigate 
saccade frequency during gait with a visual cue in PD and controls. Model 
characteristics (Beta coefficients and p-values) under single and dual task are 
shown in Tables 8-8 (controls) and 8-9 (PD). Associations between variables was 
the focus of this analysis, therefore overall model characteristics (r², ANOVA F, p) 
are presented within the Appendix 21.0. 
Table 8-8 demonstrates that there were no explanatory variables within the final 
regression models (Model 4) for controls, although under dual task several 
independent variables trended towards significant association. When using a 
visual cue poorer attention (FoA; ∆Cue, ß = -.47, p = .090), visuo-spatial ability 
(JLO; ∆Cue, ß = .46, p = .078) and visual function (VA; ∆Cue&Door, ß = -.47, p = 
.050) trended towards association with lower saccade frequency change scores. 
These associations increased within the final visuo-cognitive model compared to 
separate models.  
In contrast, Table 8-9 shows that there were several significantly associated 
variables with saccade frequency change scores in PD. Attention (FoA; ß = -.35, 
p = .035) and visual function (CS; ß = -.45, p = .033) were significantly related to 
change in saccade frequency with a visual cue (ΔCue). Poorer CS and better 
attention (FoA) related to greater change in saccade frequency with a visual cue 
in PD. There was also a trend for visuo-spatial ability (JLO; ß = .34, p = .051) and 
executive function (CLOX1; ß = -.31, p = .075) towards association with saccade 
frequency change with a cue and door (ΔCue&Door). This indicated that visuo-
cognitive association with change in saccade frequency may be task-dependent. 
However trend associations were weak and may have occurred by chance.   
Under dual task there were very few significant associations in PD, as only one 
condition had a significant variable within the final model (Model 4, Table 8-9). 
Greater disease severity (UPDRS III; ß = -.43, p = .024) was related to lower 
saccade frequency change score with a cue and door (ΔCue&Door). Disease 
severity was significantly associated with change scores within several single 
task demographic and visual function models (Model 1 and Model 3, Table 8-9). 
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However with the addition of cognitive functions the association between disease 
severity and saccade frequency change score became non-significant, seen via 
separate models (Model 2 and Model 4). Similarly, advanced age was found to 
relate to greater change in saccade frequency with a cue and door (ΔCue&Door, 
Model 1 and 2) under dual task in PD. However association with age was not 
present with the inclusion of visual functions in the model (Model 3 and Model 4). 
This evidence indicated that association between demographics and saccade 
frequency change score may have been mediated by cognitive and visual 
functions in PD.  
Overall, cognitive (attention; FoA) and visual functions (CS) were significantly 
associated with saccade frequency (change score) independent of demographic 
characteristics, particularly under single task conditions. Significant cognitive and 
visual function relationships with saccade frequency (change score) were 
primarily seen within the final combined model (Model 4), which may indicate 
interaction between cognitive and visual functions.  
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Table 8-8 - Demographic, cognitive and visual function association with saccade frequency in controls 
  
Visual sampling 
    Model 1 Model 2  Model 3  Model 4  
 Task 
 
Pearsons  
r (p) ß p ß p ß p ß p 
Single ∆Cue Age .272 (.132) .280 .146 .240 .354 .249 .212 .232 .410 
    MoCA -.150 (.412) -.061 .746 -.112 .609 -.025 .895 -.055 .813 
    GDS-15 -.135 (.461) -.168 .365 -.141 .480 -.161 .391 -.139 .500 
    FoA .185 (.309)     .060 .822     .050 .859 
    JLO .013 (.944)     .045 .852     .061 .814 
    CLOX 1 -.075 (.685)     -.072 .774     -.067 .812 
    Digit span .122 (.507)     .207 .350     .125 .621 
    VA .034 (.853)         .071 .721 .026 .917 
    CS .261 (.148)         .248 .215 .199 .407 
  ∆Cue&Door Age .091 (.622) .068 .727 .134 .612 .070 .736 .165 .574 
    MoCA -.195 (.284) -.164 .401 -.198 .382 -.161 .431 -.205 .404 
    GDS-15 -.143 (.433) -.136 .475 -.104 .611 -.134 .499 -.096 .655 
    FoA .032 (.860)     -.070 .797     -.092 .753 
    JLO .167 (.361)     .167 .505     .189 .487 
    CLOX 1 .051 (.781)     -.010 .969     -.048 .870 
    Digit span .048 (.792)     .078 .730     .102 .700 
    VA -.011 (.951)         -.015 .943 -.082 .754 
    CS .064 (.727)         .019 .929 -.032 .898 
Dual ∆Cue Age .001 (.994) -.062 .752 .216 .390 -.046 .825 .300 .270 
    MoCA -.150 (.413) -.179 .363 -.156 .463 -.171 .404 -.136 .544 
    GDS-15 .101 (.583) .128 .503 .158 .416 .138 .487 .183 .358 
    FoA -.161 (.379)     -.400 .130     -.472 .090 
    JLO .237 (.191)     .377 .119     .455 .078 
    CLOX 1 .066 (.721)     -.132 .590     -.241 .380 
    Digit span -.057 (.757)     -.114 .593     -.104 .667 
    VA -.094 (.609)         -.088 .677 -.221 .359 
    CS .100 (.587)         .056 .790 .051 .822 
  ∆Cue&Door Age -.087 (.636) -.056 .778 .104 .681 .025 .900 .280 .281 
    MoCA .065 (.724) .062 .752 -.052 .810 .054 .783 -.089 .677 
    GDS-15 -.110 (.551) -.108 .575 -.079 .687 -.085 .653 -.033 .862 
    FoA -.222 (.223)     -.189 .472     -.317 .226 
    JLO .241 (.184)     .076 .750     .207 .388 
    CLOX 1 .361 (.042)*     .273 .277     .054 .836 
    Digit span .204 (.264)     .071 .743     .202 .386 
    VA -.343 (.055)         -.356 .089 -.468 .050 
    CS .053 (.773)         -.058 .771 -.171 .438 
[*significance level p<.05, ß = standardised regression coefficient, Model 1 = demographic, Model 2 = cognition, Model 3 = visual function, Model 4 = cognition and visual function, Model 
performance can be found in the Appendix] 
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Table 8-9 - Demographic, cognitive and visual function association with saccade frequency in Parkinson’s disease 
  
Visual sampling 
    Model 1 Model 2  Model 3  Model 4  
 Task 
 
Pearsons  
r (p) ß p ß p ß p ß p 
Single ∆Cue Age -.132 (.338) -.051 .720 -.074 .627 -.151 .357 -.281 .097 
    UPDRS III -.268 (.048)* -.431 .012* -.297 .113 -.466 .008* -.294 .101 
    MoCA -.017 (.900) -.205 .185 -.215 .231 -.231 .144 -.346 .057 
    GDS-15 .086 (.534) .220 .158 .187 .256 .205 .192 .154 .326 
    FoA -.267 (.049)*   -.196 .216   -.348 .035* 
    JLO .190 (.165)   .113 .483   .209 .189 
    CLOX 1 -.097 (.480)   -.151 .359   -.129 .411 
    Digit span .069 (.617)   .096 .482   .190 .167 
    VA .006 (.966)     -.052 .772 -.008 .961 
    CS -.023 (.865)     -.230 .252 -.451 .033* 
  ∆Cue&Door Age .094 (.496) .138 .359 .017 .912 .084 .631 -.067 .715 
    UPDRS III -.149 (.278) -.240 .173 -.124 .516 -.259 .156 -.123 .526 
    MoCA .002 (.991) -.079 .623 -.002 .993 -.092 .580 -.055 .778 
    GDS-15 -.017 (.900) .100 .540 -.013 .940 .092 .579 -.026 .881 
    FoA -.010 (.945)   .106 .513   .044 .804 
    JLO .199 (.145)   .305 .071   .344 .051 
    CLOX 1 -.224 (.100)   -.319 .063   -.310 .075 
    Digit span .027 (.845)   .005 .974   .043 .773 
    VA .069 (.618)     -.016 .933 -.003 .989 
    CS -.105 (.444)     -.119 .574 -.183 .418 
Dual ∆Cue Age .064 (.644) .131 .371 .121 .449 .144 .393 .121 .513 
    UPDRS III -.296 (.028)* -.369 .033* -.301 .121 -.357 .045 -.290 .143 
    MoCA .118 (.391) -.022 .890 -.016 .931 -.004 .979 -.010 .960 
    GDS-15 -.062 (.650) .121 .772 .073 .667 .130 .420 .080 .644 
    FoA -.184 (.179)   -.069 .673   -.077 .666 
    JLO .189 (.167)   .109 .513   .116 .509 
    CLOX 1 -.022 (.872)   -.045 .789   -.043 .804 
    Digit span -.105 (.447)   -.146 .306   -.133 .379 
    VA .071 (.605)     .131 .481 .120 .531 
    CS .013 (.927)     .100 .627 .066 .772 
  ∆Cue&Door Age .186 (.174) .283 .048* .348 .027* .201 .215 .251 .158 
    UPDRS III -.310 (.021)* -.380 .023* -.440 .021* -.404 .019* -.434 .024* 
    MoCA .169 (.219) .058 .700 .024 .892 .046 .764 -.034 .855 
    GDS-15 -.070 (.611) .172 .260 .231 .161 .164 .286 .219 .189 
    FoA -.139 (.313)   -.066 .677   -.141 .410 
    JLO .048 (.725)   -.172 .289   -.124 .460 
    CLOX 1 .059 (.668)   .163 .321   .175 .292 
    Digit span .015 (.916)   -.015 .911   .035 .811 
    VA .148 (.282)     .043 .809 .050 .783 
    CS -.183 (.181)     -.141 .475 -.182 .405 
[*significance level p<.05, ß = standardised regression coefficient, Model 1 = demographic, Model 2 = cognition, Model 3 = visual function, Model 4 = cognition and visual function, Model 
performance can be found in the Appendix] 
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3: Relationship between saccade frequency and gait when using a visual cue 
Table 8-10 demonstrates associations between gait characteristics and saccade 
frequency (absolute and change scores) when using a visual cue. Results 
indicate that there were no significant relationships between these features for 
controls, but there were for people with PD. More frequent saccades during gait 
in PD were related to better gait performance shown by reduced step time (r = -
.28, p = .037) under single task, and increased velocity (r = .34, p = .012), 
reduced step time (r = -.32, p = .017) and single support time (r = -.30, p = .027) 
under dual task. Similarly greater change in saccade frequency with a visual cue 
(ΔCue and ΔCue&Door) in PD related to reduced step time under single (r = -.32, 
p = .016) and dual task (r = -.30, p = .028), and increased velocity (r = .30, p = 
.028) under dual task.   
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Table 8-10 - Correlations between saccade frequency during gait and gait characteristics with a visual cue 
 Attentional manipulation Step Length (m) Velocity (m/s) Step Time (s) Single Support Time (s) Double Support Time (s) 
Group Cognitive Task Environment r (p) r (p) r (p) r (p) r (p) 
Control Single Cue -.077 (.674) -.083 (.651) .069 (.706) .045 (.807) -.031 (.867) 
  Cue & Door .082 (.656) -.043 (.813) .184 (.313) .154 (.402) .071 (.699) 
  ΔCue -.066 (.720) -.046 (.802) .019 (.920) .085 (.642) -.113 (.537) 
  ΔCue&Door -.233 (.199) -.251 (.166) .029 (.875) -.086 (.641) .059 (.746) 
 Dual Cue -.181 (.322) -.044 (.812) -.073 (.693) .017 (.928) .018 (.922) 
  Cue & Door -.015 (.937) .024 (.897) -.121 (.509) -.088 (.633) -.050 (.785) 
  ΔCue -.314 (.080) -.214 (.238) .043 (.814) .044 (.812) .137 (.453) 
  ΔCue&Door -.056 (.761) -.119 (.516) .075 (.682) .017 (.928) .074 (.687) 
PD Single Cue .032 (.814) .185 (.176) -.169 (.217) -.247 (.069) .034 (.806) 
  Cue & Door -.116 (.399) .127 (.356) -.283 (.037)* -.195 (.154) -.251 (.065) 
  ΔCue .047 (.732) .140 (.309) -.142 (.303) -.191 (.163) .016 (.906) 
  ΔCue&Door .028 (.837) .203 (.137) -.323 (.016)* -.219 (.108) -.208 (.127) 
 Dual Cue .062 (.652) .336 (.012)* -.320 (.017)* -.298 (.027)* -.152 (.267) 
  Cue & Door .159 (.247) .149 (.279) -.161 (.241) -.069 (.616) .056 (.682) 
  ΔCue .033 (.812) .296 (.028)* -.296 (.028)* -.218 (.110) -.158 (.250) 
  ΔCue&Door .258 (.058) .109 (.427) -.037 (.791) .039 (.780) .094 (.494) 
[Gait characteristics from each individual task were correlated with saccade frequency from the same task, change scores were correlated with gait characteristics during the attentional task 
(e.g. cue or cue & door)] 
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8.5. Discussion 
This is the first study to examine response in saccade frequency during gait to a 
visual cue in PD and aged-matched controls, under both single and dual task. 
The findings of this investigation support the hypothesis that visual cues increase 
saccade frequency during gait in people with PD and controls, and that response 
is maintained under dual task.  
Descriptive data showed that saccade frequency was less frequent in PD 
compared to controls during gait and reduced for both groups under a dual task, 
which was in line with chapter 7 and previous research (Galna et al., 2012; Vitorio 
et al., 2012). Similarly both people with PD and controls increased saccade 
frequency during gait when they walked through a door. However, within the 
current study, the main focus was investigation of saccade frequency during gait 
when attention was manipulated by using a visual cue (under single and dual 
task) and results demonstrated a significant response.  
8.5.1. What is the effect of a visual cue on saccade frequency during 
gait? 
The novel finding from this study was that visual cues ameliorated reduction in 
saccade frequency during gait in PD, a finding that was maintained under dual 
task. Saccade frequency significantly increased in both groups (PD, control) 
when using a visual cue, and saccade frequency under a dual task was similar to 
single task performance. To date no previous studies have assessed saccade 
frequency response to visual cues, which limits methodological comparison. 
Vitorio et al. (2013) investigated visual sampling (frequency of voluntary visual 
samples made using liquid crystal glasses rather than saccades; described in 
chapter 3) during a similar task of stepping over an obstacle and reported that 
people with PD sampled their environment significantly less than controls. The 
same authors also investigated the number of fixations made during gait when 
using a visual cue (transverse lines 60cm apart to step on) (Vitorio et al., 2014), 
and demonstrated a non-significant increase in fixation number within a small 
group of people with PD and controls, similar to the current study. Due to 
saccades and fixations being coupled (i.e. saccades are the movements between 
fixations), it is likely that within the previous study saccade frequency and number 
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were also increased in both groups with a visual cue. As discussed in chapter 7, 
an increase in saccade frequency during gait with environmental stimuli may 
relate to attentional mechanisms (i.e. an increase in bottom-up reflexive 
saccades), which most likely influenced visual cue response. 
Similar to previous research (Galna et al., 2012), saccade frequency during gait 
was seen to significantly decrease under dual task when walking without a visual 
cue in both groups. Saccade frequency reduction under dual task was previously 
discussed in chapter 7, with attention implicated. When attention was 
manipulated with a visual cue under dual task saccade frequency significantly 
increased in both groups to a level comparable to response under single task. 
Maintenance of saccade response under dual task possibly relates to a 
combination of resource allocation away from inhibitory control and the influence 
of the external stimuli (taped lines) on saccade initiation. For example, visual 
cues may trigger more reflexive saccades (bottom-up) and free attentional 
resources (top-down) to be applied to other concurrent tasks (i.e. cognitive or gait 
task). Indeed, both groups improved on the secondary cognitive task when using 
a cue with greater response in PD (Table 8-2), which is comparable to previous 
cue research (van Wegen et al., 2006; Baker et al., 2007; Rochester et al., 2007; 
Mak et al., 2013). Therefore saccade frequency response to a visual cue may be 
driven primarily by bottom-up attention, particularly in PD. This is further 
supported by evidence from PD dementia (PDD) research which demonstrated 
that despite frontal deterioration people with PDD respond to external cues 
(Gräber et al., 2014), showing improved gait (Azulay et al., 2002; Azulay et al., 
2006). However unlike PD patients with normal cognition once the cue was 
removed PDD patients had worse gait (Rochester et al., 2010), likely due to 
being unable to activate bottom-up attention without external stimuli. Attentional 
mechanisms (top-down and bottom-up) likely drive saccade frequency during gait 
in PD (this is further discussed in section 8.5.5).  
8.5.2. What is the effect of a visual cue on gait? 
Gait outcomes were not the primary focus of this study. However people with PD 
were seen to have significantly impaired gait (step length, velocity, step time and 
double support time) compared to controls during all of the walking conditions (no 
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cue or cue). An unexpected finding was that the visual cue significantly reduced 
step length in both people with PD and controls, whereas previous studies that 
have investigated visual cues have demonstrated increased step length (Morris 
et al., 1996; Lewis et al., 2000). Disparity between the current study and previous 
research most probably relates to limitations of the visual cue protocol, such as 
the set distance of the transverse lines. With a visual cue both groups adapted 
their gait strategy to complete the task (i.e. step over the lines placed 50cm 
apart). However the majority of the participants (PD n = 40, control n = 29) had a 
large mean baseline step length (un-cued; >50cm) and adapted their gait by 
reducing step length. Whereas only a minority of participants (PD n = 15, control 
n = 3) had a small baseline step length (un-cued; <50cm) and increased step 
length with a cue. Reduction in step length with a cue was therefore a result of 
the use of a set distance, rather than tailoring the distance to individual baseline 
step length (e.g. 20% greater than baseline step length). These findings support 
the theory that cue response is individual in terms of gait adaptation (Holmes et 
al., 2015).  
Regardless of the protocol limitation, people with PD did not adapt their gait (i.e. 
reduce step length and velocity) as much as controls with a visual cue or dual 
task. Diminished response may have been related to the reduced step length in 
PD compared to controls during gait (un-cued) under single and dual task, which 
would have limited reduction seen with a cue or dual task. It could also relate to 
an inability to appropriately alter gait in response to increased attentional 
demand. Lack of gait adaptation in PD may also be impacted by a variety of 
mechanical and sensory impairments, such as; disease severity (Schwed et al., 
2013; Catalá et al., In Press; 2016), response to levodopa medication (Roemmich 
et al., 2014), rigidity and bradykinesia (Winogrodzka et al., 2005), and impaired 
integration of sensory (visual, proprioceptive, vestibular) and motor information 
(Wright et al., 2010; Pieruccini-Faria et al., 2014; Ashoori et al., 2015). Gait 
adaptation with a cue however led to comparable step lengths between the 
groups (PD and controls) under both single and dual task (i.e. closer to the 50cm 
visual cue distance). Step lengths were also more consistent within the groups 
(i.e. a lower SD with a cue, Figure 8-5), which is possibly because participants 
altered gait to step closer to the 50cm distance.  
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8.5.3. What are the relationships between demographics, cognition, 
vision and gait when using a visual cue? 
Gait was selectively associated with demographic features, cognitive and visual 
functions when using a visual cue. Surprisingly, cued gait (step length, velocity 
and double support time) was not associated with cognitive and visual functions 
for controls, unlike un-cued gait (Appendix 19.0). However several demographic 
features (age, weight, depression and fear of falling) in controls were related to 
gait outcomes. In contrast, poorer gait when using a visual cue was significantly 
associated with selective impairment of demographic features (depression, fear 
of falling, disease severity), as well as cognitive (attention and visuo-spatial 
ability) and visual functions (VA) in people with PD (Appendix 20.0). This was 
expected as people with PD may require greater cognitive and visual input for 
gait when using a visual cue compared to controls (Azulay et al., 2006). 
8.5.4. What are the relationships between demographics, cognition, 
vision and saccade frequency when using a visual cue? 
Saccade frequency (absolute and change scores) during gait was not related to 
many demographic, clinical, cognitive and visual function variables within both 
groups. This may have been due to fluctuations in the type of saccades being 
generated during gait (voluntary or reflexive) (Anderson and MacAskill, 2013), 
which involve neural networks that may be too subtle to be evaluated with 
standard cognitive or visual assessments. Lack of association may also relate to 
the fact that the cues were high contrast compared to the floor and specific 
instructions were provided to step over the lines, and therefore the visual cues 
may not have challenged visual or cognitive mechanisms. Despite limitations 
there were several significant but weak associations, which were important to 
highlight. 
In line with results of chapter 7, associations between attention and saccade 
frequency in PD indicated that without a visual cue people with PD who have 
better attention may have intact or better inhibitory control of saccades during gait 
(i.e. saccades are voluntary movements controlled by top-down attention). 
Whereas people with PD who have poorer attention have less capability to inhibit 
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reflexive (bottom-up) saccades (Terao et al., 2011) and become easily distracted, 
and hence make saccades to irrelevant areas without a visual cue to focus visual 
sampling. Indeed, people with PD who had poorer attention made significantly 
more frequent saccades during single task straight un-cued walking and did not 
change their saccade frequency with a visual cue as much as those with better 
attention. In contrast, better attention was seen to relate to more frequent 
saccades with a visual cue for controls, indicating that older adults may primarily 
use top-down attention to respond to visual cues during gait.    
As mentioned, the two main theories on visual cue response involve attention 
(cognitive function) and optic flow (visual function), however previous studies 
have alluded to the fact that individual cognitive or visual functions cannot solely 
influence cue response in PD (Azulay et al., 2006; Lebold and Almeida, 2011). 
Response may be underpinned by interaction between such functions (i.e. visuo-
cognition); however this has not previously been investigated. Unexpectedly 
visual function was not correlated with saccade frequency during gait in PD, but 
was in controls. However attention (FoA) and visual functions (CS) may interact 
in PD, and interaction may influence association with saccade frequency (change 
score) with a visual cue. Indeed, when cognitive and visual functions were 
combined within the same regression model both features (FoA and CS) had 
significant association with saccade frequency (∆Cue, Model 4) in PD, unlike 
relationship within the separate cognitive and visual function models. 
Other relationships with saccade frequency in PD and controls were similar to 
previous saccadic activity research, such as association with age (Munoz et al., 
1998), global cognition (Liversedge and Findlay, 2000), visuo-spatial ability 
(Pearson and Sahraie, 2003), working memory (Mitchell et al., 2002; Chun, 2011) 
and fear of falling (Turano et al., 2002; West et al., 2011; Young and Hollands, 
2012). These associations suggested that there was some truth to the a priori 
hypothesis that demographic features would relate to saccade frequency with a 
cue, along with cognitive and visual variables. Indeed, disease severity (UPDRS 
III) appeared to be consistently associated with change in saccade frequency 
during gait with a cue in PD, particularly under dual task. For example; more 
advanced PD related to less change in saccade frequency with a visual cue, 
which was similar to results of environmental challenge found in Chapter 7. 
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Generally people with PD made less frequent saccades than controls during gait 
and a similar frequency when using a visual cue (Figure 8-4), however within PD 
there may be a non-linear impairment of saccade frequency during straight 
walking which impacts change score results (Figure 7-6). There was no 
significant relationship between disease severity and absolute saccade frequency 
scores in PD (Straight, Cue, Cue&Door). However, Figure 7-6 depicts that people 
with milder PD may not make as many saccades during straight walking (Hypo-
reflexive) as those with more advanced PD (Hyper-reflexive), likely due to an 
inability to initiate top-down saccades but intact ability to control reflexive (bottom-
up) saccades. People with PD were able to increase their saccade frequency with 
a visual cue (ΔCue, ΔCue&Door), however those with more advanced PD 
increased their frequency less than those with milder PD. There was no strict bi-
modal response seen, but the results may relate to greater control/inhibition of 
reflexive saccades in mild PD (i.e. they made few reflexive saccades during 
straight walking but with the addition of visual stimuli more reflexive saccades 
were permitted). Alternatively those with more severe PD made more reflexive 
saccades during straight walking (i.e. unable to control reflexive activity), which 
only mildly increased with the addition of visual stimulus.  
Cognition, particularly attention may have influenced disease severity 
association, as the same relationships with saccade frequency were found for 
attention. Attentional impairment is common with more severe disease such as 
those who report FOG (Sarasso et al., 2015) or people who are within the PIGD 
phenotype (Taylor et al., 2008), who present with greater motor impairment (i.e. 
higher UPDRS III score) (Amboni et al., 2015). Indeed, saccades have been 
found to be further impaired in FOG compared to no-FOG (Lohnes and Earhart, 
2011). Similarly splitting the PD group into motor phenotypes demonstrated that 
PIGD phenotype had greater UPDRS III scores (n = 23; 42.87 ± 14.99) compared 
to those in the TD phenotype (n = 28; 32.04 ± 12.59), which suggests that 
disease severity associations may relate to motor phenotype with links to 
attentional impairment despite lack of significant association. Overall, regression 
analysis disproved the a priori hypothesis that demographic features would relate 
to saccade frequency along with cognitive and visual functions. Results 
demonstrated that cognitive and visual functions were significantly associated 
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with saccade frequency independent of demographic and clinical features in PD. 
However, when cognition was saturated via a dual task such features (UPDRS 
III) significantly related to saccade frequency in the final model (Model 4), which 
highlighted that cognition may mediate demographic and clinical relationships.  
8.5.5. Attentional response to visual cues: Top-down and Bottom-up 
Attentional contribution was required when using a visual cue due to the use of 
goal-orientated instructions to step over the transverse lines (Macdonald and 
Tatler, 2013). Traditionally, the theory of attentional response to visual cues 
considers attentional signal to come from the frontal cortex (i.e. PFC, ACC etc.) 
to the caudate nucleus (Leisman et al., 2014), which allows people with PD to 
circumvent BG impairment (Rubinstein et al., 2002). However people with PD rely 
on attention for both gait (Redgrave et al., 2010; Seidler et al., 2010; Shine et al., 
2013a) and saccadic control (Baluch and Itti, 2011; Borji et al., 2011), which 
increases PFC burden and may lead to voluntary saccade impairment or 
fluctuation during gait (Lemos et al., 2015). Therefore other attentional 
mechanisms and structures (e.g. PPC, parietal eye-field) that have not been 
considered in previous gait research may also be involved in saccade frequency 
cue response, such as bottom-up attention which is relatively spared in PD 
(Terao et al., 2013). Indeed, a recent imaging study demonstrated that people 
with PD who were ‘ON’ medication had greater activation of both PFC and 
posterior (occipital and parietal lobes) regions than controls when performing pro- 
and anti-saccades than PD ‘OFF’ medication or controls (Lemos et al., 2015), 
implicating both frontal and parietal attentional networks in PD saccade 
facilitation. Visual cues which are especially prominent or salient may circumvent 
top-down (frontal) attentional influence during gait and facilitate saccade 
generation in a reflexive bottom-up (parietal controlled) attentional manner 
(Connor et al., 2004; Bressler et al., 2008; Mannan et al., 2008; Noudoost et al., 
2010; Theeuwes, 2010; Botha and Carr, 2012), which may indicate artificial drive 
of eye movements while walking with a cue.  
The theory of increased reflexive saccade generation during gait is further 
supported by higher saccade peak velocities and accelerations seen for people 
with PD compared to controls during all of the walking conditions (Reingold and 
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Stampe, 2002) (Appendix 18.0). However within both groups, there was also a 
non-significant reduction in peak velocities and accelerations when using a visual 
cue. Similar reduction in peak velocities have occurred in PD when making 
saccades to remembered target locations (Lueck et al., 1990), with working 
memory implicated (Sawaguchi and Goldman-Rakic, 1991). Saccade frequency 
response to visual cues may therefore be due to an increase in memory guided 
saccades (a type of voluntary saccade), which could indicate that participants 
pre-planned locations to visually sample prior to walking, and then carried out this 
plan during gait. However an increase in memory guided saccades would 
increase burden on the PFC and impact concurrent tasks (cognition or gait) 
(Sawaguchi and Goldman-Rakic, 1991), which was not seen in this study. 
Therefore it is more likely that an increase in reflexive saccades driven by 
bottom-up attention was responsible for the increase in saccade frequency during 
gait with a visual cue. Bottom-up attentional processing of stimuli does not place 
a large demand on the PFC and would allow neural resource to be allocated to 
other processes (Beck and Kastner, 2009). However the type of saccades 
(voluntary or reflexive) being initiated during gait in PD remains unclear as these 
are complex processes yet to be fully understood or investigated.   
8.5.6. What is the relationship between saccade frequency and gait 
when using a visual cue? 
Saccade frequency during gait when using a visual cue may contribute to gait 
control, as processes involved in saccade generation interact with motor output in 
conjoined cortical regions (Kravitz et al., 2011). For example, visuo-motor 
processing from sensory input to final motor output involves some of the same 
anatomical structures and regions such as the pre-frontal, frontal and motor 
cortex (Wurtz et al., 2001). Further, saccade frequency and gait may be coupled 
when using a visual cue, particularly in people with PD. Within this study all 
participants (PD and controls) increased their saccade frequency during gait and 
adapted their gait strategy with a visual cue. However, better gait characteristics 
(increased velocity, reduced step time and single support time) when using a 
visual cue were significantly associated with increased saccade frequency for 
people with PD, particularly under dual task. This evidence further supports an 
increase in reflexive saccades in PD, as a visual cue probably triggered bottom-
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up attention and freed attentional (top-down) resources which were subsequently 
applied to gait. Gait response to visual cues therefore related to saccade 
frequency response, undoubtedly due to common visuo-cognitive mechanisms.  
Saccade frequency was independently associated with cognitive (attention) and 
visual functions (CS) rather than demographic features, similar to previous 
findings in Parkinsonian cognition and gait research (Lord et al., 2014). The 
complex relationships between cognition, vision, saccade frequency and gait in 
PD when using a visual cue require further exploration (Chapter 9 extends this 
investigation). Ultimately, an increase in saccade frequency with a visual cue 
would increase visual information during gait to be used for gait control, with 
implication for safe and effective navigation.  
8.6. Conclusions 
In summary, the study described in this chapter showed that saccade frequency 
during gait occurred less frequently in people with PD compared to controls, 
which was in line with chapter 7. However the novel finding of this study was that 
saccade frequency during gait significantly increased with a visual cue in both 
people with PD and controls, which was maintained (similar to single task) under 
a dual task. Cognitive and visual functions were independently associated with 
saccade frequency response to a visual cue in PD. Attention and visual function 
may interact in people with PD to influence relationship with saccade frequency. 
Saccade frequency response in PD was associated with selective gait 
characteristics when using a visual cue. Greater understanding of these features 
(cognition, visual function, saccade frequency and gait) is required which will 
allow for the development of more effective intervention.  
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9. Modelling direct and indirect relationships 
9.1. Summary 
The purpose of this chapter was to present data relating to gait impairment in PD 
and its relationship to visuo-cognition (interaction between cognitive and visual 
functions, measured through saccade frequency). The visuo-cognitive and gait 
data discussed within previous chapters (Chapters 7 and 8) were analysed. Data 
were given a structure based on an a priori hypothesised model in order to 
determine whether gait impairment in PD results from dysfunctional visuo-
cognition or is facilitated by indirect relationship through cognition or visual 
function. The structured model was also manipulated via entering data obtained 
when using a visual cue to further understand the effect of cues on visuo-
cognition and gait in PD. 
9.2. Introduction 
Within this chapter an a priori hypothesised model of visuo-cognition in gait in PD 
(Figure 9-1) was investigated, which was based upon the background to this 
thesis (Chapters 2 and 3; Figure 2-1). Previous studies including analysis 
performed in chapters 7 and 8 have investigated multivariate relationships 
between visuo-cognitive and gait features in PD. Such investigation has shown 
that relationships between cognition, visual function, saccade frequency and gait 
exist. Subsequent multiple regression analysis (Chapters 7 and 8) has shown 
that cognitive (primarily attention) and visual functions dominate association with 
saccade frequency in PD independent of demographic characteristics (age, 
disease severity, global cognition, depression). Despite cognitive and visual 
functions being related to saccade frequency and gait characteristics in PD, there 
was no association between saccade frequency and gait. This chapter explores 
this further to understand the nature of the relationship between cognitive and 
visual function, and their interactive visuo-cognitive impact on gait in PD. 
Bivariate and multivariate analyses have allowed for a broad amalgamation of 
visuo-cognitive features and their relationship to gait in PD, but provide sparse 
information regarding interactions or indirect effects between these features. The 
important and novel aspect of this chapter is that these relationships are now 
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given a structure through an a priori model, which involves multiple analyses and 
will provide a basis for future hypothesis generation. Once a robust model is 
developed it can then be manipulated for various predictions related to the effect 
of visual cues and development of effective gait rehabilitation in PD. This is a vital 
step for the field as such a model would bring together visuo-cognitive features in 
gait with interactions and allow testing of the underlying mechanisms involved in 
PD saccade frequency and gait impairment or response.  
 
Figure 9-1– Full model of visuo-cognition in gait in Parkinson's disease 
[Six pathways are involved within the full model; A) Cognition and gait, B) Vision and gait, C) Interaction 
between cognitive and visual functions (termed visuo-cognition), D) Saccade frequency and gait, E) 
Cognition and saccade frequency, and F) Visual functions and saccade frequency] 
Structural equation modelling (SEM) provides a useful method to examine 
relationships between visuo-cognitive features and gait in people with PD (Figure 
9-1). SEM allows investigation of direct and indirect relationships between 
cognitive and visual functions, saccade frequency during gait and gait. SEM 
represents multivariate analysis and involves the combination of correlation, 
regression, ANOVA, path analysis and factor analysis (Musil et al., 1998), which 
enables examination of relationships between both observed and latent (un-
observed) variables. Therefore SEM is an ideal statistical technique for testing a 
priori models as it can identify various direct and indirect relationships between 
different variables, with use of hypothesised pathways.  
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Within this study an SEM was created based on the a priori hypothesis that 
interactions between cognitive and visual functions (visuo-cognition, Figure 9-
1(C)) underpin saccade frequency (Figure 9-1(E and F)) and gait (Figure 9-1(D)) 
in PD. Based on correlations and regression results within previous chapters 
(Chapters 7 and 8), it was hypothesised that cognition, particularly attention 
would play a central role in all visuo-cognitive and gait relationships. However 
when using a visual cue, it was hypothesised that association between visuo-
cognitive features (attention and visual function) and saccade frequency would be 
selectively altered. 
To assess these specific hypotheses several questions were raised, which form 
the structure of the analysis, results and discussion of this study. 
Questions that this study will answer; 
 How does visuo-cognition relate to gait impairment in Parkinson’s 
disease? 
 How does a visual cue influence the relationship between visuo-cognition 
and gait in Parkinson’s disease?  
9.3. Specific methods 
Data from the previous two chapters (Chapters 7 and 8) was used to explore 
direct and indirect relationships between cognitive and visual functions, saccade 
frequency and gait in PD. For descriptive data regarding these features see the 
results sections within chapters 7 and 8.  
9.3.1. Statistics for Structural Equation Modelling  
Data were assessed for normality with visual histograms and Kolmogorov-
Smirnov tests, meeting criteria for parametric analysis (Expósito-Ruiz et al., 2010; 
Ghasemi and Zahediasl, 2012; Field, 2013). In order to assess the presented 
theoretical visuo-cognition in gait in PD model (Figure 9-1), two SEMs were 
created in SPSS AMOS (version 22.0) (Byrne, 2013). A model to assess 
relationships with gait was first conducted and then the same model was applied 
to gait when using a visual cue in order to assess the effect of a visual cue on the 
model. SEM showed the direct and indirect relationships between cognitive and 
visual functions, saccade frequency (change score) and gait in PD.  
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SEM analysis for gait and gait with a visual cue was conducted using current 
industry recommendations (Xiong et al., 2015). This was achieved through the 
following four steps; 
Step 1: Creation of latent variables 
The same cognitive, visual function, saccade frequency and gait variables used 
within the regression analysis performed in previous chapters (Chapters 7 and 8) 
were used in SEM analysis. First, four latent variables were created from the 
independent (observed) variables; saccade frequency (ΔDoor and ΔTurn), 
cognition (FoA, JLO, CLOX 1 and Digit span), visual functions (VA and CS) and 
gait (step length, velocity and double support time during straight walking). 
Independent variables for each latent variable were inter-correlated (Table 7-4) 
and latent variable variance was fixed to 1.0 to represent a causal factor. Straight 
walking step length, velocity and double support time were initially chosen to 
represent gait in PD, as they were significantly impaired in PD compared to 
controls (Chapter 7) indicating effect of underlying pathology. The full models 
from SPSS AMOS are shown in Appendix 22.0 and 23.0. 
Step 2: Exclusion of poor latent variable representations 
Second, variables that did not meet a standardised factor loading of ≥0.70 were 
systematically removed from each latent variable (Hancock and Mueller, 2011; 
Xiong et al., 2015), to ensure that high quality observed variables were chosen to 
serve as indicator variables of latent constructs (Mueller and Hancock, 2008). 
Consequently the use of low quality (<0.70 loading factor) indicators can lead to 
an inference of acceptable data-model fit regarding the structural portion 
(Hancock and Mueller, 2011) and poor latent variable representation, which may 
lead to inappropriate model acceptance. 
Step 3: Find ‘perfect’ variable representations  
Third, any observed variable that had a standardised factor loading of ≥1.00 
(representing perfect representation (Xiong et al., 2015)) was used in place of the 
latent variable to avoid overfitting and to account for SEM sample size 
parameters (i.e. at least a 5:1 ratio (Bentler and Chou, 1987; Xiong et al., 2015)). 
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Overfitting is the tendency for a model to show good fit by capturing noise (error), 
and can lead to inaccurate model acceptance (Preacher, 2006). 
Step 4: Model trimming and calculation of effect 
Finally, model trimming was performed to systematically remove associations 
(connection arrows) which were not significant in the hypothesised model (Kline, 
2011). The total effect of each predictor variable (cognition, visual function and 
saccade frequency) on saccade frequency and gait was determined by summing 
the direct and indirect effects of the variable (Menz et al., 2007). Direct effects are 
those where a single path connects one variable to another. Indirect effects are 
those where the effect of one variable on another goes through a third variable 
(i.e. more than one path connects two variables) (Hayes, 2009). To determine 
specific indirect effects, the full SEM were subsequently broken into various sub-
models (i.e. three variable relationships, such as; visual function, cognition and 
gait), the coefficients for each path were multiplied (Menz et al., 2007). 
Significance levels were obtained from AMOS (bias-corrected bootstrapped 95% 
confidence intervals based on 200 samples), and output tabulated. It is important 
to note that SEM cannot test directionality of relationships and that the direction 
arrows within SEM represent only hypothesised causality (Menz et al., 2007). 
Goodness of fit of the model was examined via chi-squared (X²), goodness-of-fit-
index (GFI) and root mean square error approximation (RMSEA). Representative 
of good model fit, chi-square should not be significant, GFI should be high (>0.90) 
and RMSEA should be small (<0.08) (Byrne, 2004; Hooper et al., 2008).  
9.4. Results 
9.4.1. How does visuo-cognition relate to gait impairment in 
Parkinson’s disease?  
To explore relationships between cognition, visual functions, saccade frequency 
and gait in PD (n = 56), the first SEM was created (Figure 9-2). Various models 
were formulated (Appendix 22.0), but due to the lack of significant relationships 
for controls and limited quality of indicators (factor loadings <0.70) within dual 
task or gait with a door or turn models, SEM analysis was confined to single task 
gait (straight walk) in people with PD. Limited dual task findings are probably due 
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to the impact of the dual task on cognitive influence over gait (e.g. under a dual 
task gait may predominantly be a motor task and consequently cannot be 
measured within the SEM structure). Standardised regression coefficients (ß) are 
shown for associations between each variable in the model (next to each arrow in 
Figure 9-2) and the amount of variance explained (r²) by the model are provided 
in bold above appropriate variables. For example; r² above saccade frequency 
represents the variance in saccadic activity explained by cognition and visual 
function, and r² above gait represents variance in walking explained by all other 
variables (cognition, visual function and saccade frequency). After the SEM was 
appropriately trimmed, hypothesised relationships were examined between two 
latent (visual function and saccade frequency) and two observed variables (FoA 
and straight gait velocity) (Figure 9-2). Three non-significant paths (represented 
by dashed lines within Figure 9-2) were trimmed and the overall fit of the model 
was confirmed with X² = 4.0 (d.f. = 8, p = .853), GFI (0.977) and RMSEA (0.000) 
(Figure 9-2), which indicated acceptable goodness-of-fit. The final model 
explained 18% of the variance in saccade frequency (change score) and 10% of 
the variance in gait velocity in PD.    
Several direct, indirect and total effects existed between cognitive (represented 
by FoA) and visual functions (VA, CS), saccade frequency (change score; ΔDoor, 
ΔTurn) and gait (straight walk velocity) in PD within the SEM (Figure 9-2). There 
was a significant direct effect of cognition on both saccade frequency (ß = -.42, p 
= .011) and gait velocity (ß = -.32, p = .012) in PD, but no direct effect was seen 
for visual function on these variables. This demonstrated that poorer cognition 
directly related to smaller change scores for saccade frequency and slower gait 
(e.g. poorer performance). Cognition also shared a significant relationship with 
visual function (ß = .46, p = .014). This showed that better visual function (as VA 
was entered into the model first and a lower score is better) related to better 
cognition in PD, which was consistent with correlation analysis in chapter 7. In 
line with previous analysis (Chapter 7 and Appendix 22.0), there was no 
significant direct relationship between visual functions and saccade frequency (ß 
= .13, p = .482) or gait velocity (ß = -.10, p = .531). Similarly there was also no 
significant direct relationship between saccade frequency and gait (ß = .04, p = 
.756).    
Chapter 9: Modelling direct and indirect relationships 
187 
 
 
Figure 9-2 - Parkinson's disease structural equation model for visuo-cognition in 
gait 
[*significance level p<.05, dashed lines are indirect non-significant pathways, indirect pathways 
are also represented by faded block arrows underlying direct pathways, solid arrows are direct 
pathways, GFI = goodness-of-fit-index, RMSEA = root mean square error approximation, Latent 
variables are represented via circles and Observed variables via rectangles]  
Direct, indirect and total effects are summarised in Table 9-1, which 
demonstrated that cognition rather than visual function was involved in significant 
indirect relationships within all of the features explored. Table 9-1 shows that both 
visual function (ß = -.15, p =.008) and saccade frequency (ß = .13, p =.011) had a 
significant indirect effect on gait through cognition, specifically attention (FoA). 
Better visual function and greater change in saccade frequency indirectly related 
to faster gait velocity in PD through better attention. However comparable to the 
direct effects, the total effects of visual function (ß = -.25, p =.054) and saccade 
frequency (ß = .16, p =.756) on gait were still non-significant, which indicated that 
these features only related to gait through attention. Alternatively attention did not 
have any significant indirect effect on gait through either visual function or 
saccade frequency.   
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Consistent with previous correlations and regression analysis (Chapter 7), 
saccade frequency (change scores; ΔDoor, ΔTurn) was directly related to 
attention within the SEM. Specifically better attention was significantly associated 
with greater change in saccade frequency (ß = -.42, p = .011). Similarly visual 
function was not directly related to saccade frequency (ß = .13, p = .482), but 
there was a significant indirect effect of visual function on saccade frequency 
through attention (ß = -.19, p = .006). This indicated that poorer visual function 
related to greater change in saccade frequency, but these features only relate 
through attention shown by the lack of significant direct and total effect (ß = -.06, 
p = .482). Attention did not have any significant indirect effect on saccade 
frequency or gait through visual function. Overall, cognition represented by 
attention (FoA) had a central role in all of the hypothesised relationships in PD 
(Figure 9-1), with indirect effects of visual function and saccade frequency on gait 
through attention.    
Table 9-1 – Visuo-cognition in gait direct, indirect and total effects in Parkinson's 
disease 
  Direct effect 
pathway 
Indirect effect pathways Total effect 
Outcome Predictor   Cognition Visual 
Function 
Saccade 
Frequency 
 
  ß (p) ß (p) ß (p) ß (p) ß (p) 
Gait       
 Cognition -.323 (.012)* - -.046 (.376) -.017 (.823) -.386 (.012)* 
 Visual Function -.103 (.531) -.151 (.008)* - .005 (.509) -.249 (.054) 
 Saccade Frequency .035 (.756) .135 (.011)* -.013 (.502) - .157 (.756) 
       
Saccade Frequency      
 Cognition -.420 (.011)* - .059 (.361) - -.361 (.011)* 
Visual Function .134 (.482) -.192 (.006)* - - -.058 (.482) 
       
[*significance level p<0.05, Direct effect pathway = path between Outcome and Predictor, Indirect effect pathways = path 
between Outcome and Predictor through x (where x represents either cognition, visual function or saccade frequency), 
Total effect = sum of all direct and indirect effects, ß = standardised coefficient] 
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9.4.2. How does a visual cue influence the relationship between 
visuo-cognition and gait in Parkinson’s disease?  
The gait model was further manipulated to explore visuo-cognitive and gait 
relationships in PD (n = 55) when using a visual cue (Figure 9-3). After the SEM 
was trimmed, hypothesised relationships were examined between one latent 
(visual function) and three observed (FoA, ΔCue and straight gait velocity) 
variables (Figure 9-3). The model showed that the same relationships found 
within the gait model (Figure 9-2) were present when using a visual cue (Figure 
9-3), although variable associations were slightly altered. After trimming three 
non-significant paths (represented by dashed lines within Figure 9-3), the overall 
fit of the model was confirmed with X² = 2.3 (d.f. = 5, p = .806), GFI (0.984) and 
RMSEA (0.000) (Figure 9-3), which indicated acceptable goodness-of-fit. The 
final model explained 7% of the variance in saccade frequency (ΔCue) and 13% 
of the variance in gait velocity when using a visual cue in PD, which was slightly 
reduced from the gait model (Figure 9-2). 
 
Figure 9-3 - Parkinson's disease structural equation model for visuo-cognition in 
gait with a visual cue 
[*significance level p<.05, dashed lines are indirect non-significant pathways, indirect pathways 
are also represented by faded block arrows underlying direct pathways, solid arrows are direct 
pathways, GFI = goodness-of-fit-index, RMSEA = root mean square error approximation, Latent 
variables are represented via circles and Observed variables via rectangles] 
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Within the visual cue model (Figure 9-3), the same relationships found within the 
gait model (Figure 9-2) between cognition, visual function, saccade frequency 
and gait were evident. For example; significant shared relationship was seen 
between visual function (VA, CS) and cognition (ß = .46, p = .028). Similarly, 
cognition (represented by FoA) also had significant direct relationship with 
saccade frequency (change score; ∆Cue; ß = -.27, p = .037) and gait (straight 
velocity with a visual cue; ß = -.37, p = .036). This demonstrated that better 
attention related to greater change in saccade frequency and faster gait with a 
visual cue. Visual function and gait however did not have a significant direct 
relationship (ß = .03, p = .837), nor did visual function and saccade frequency (ß 
= .22, p = .113) or saccade frequency and gait (ß = .05, p = .602). 
Table 9-2 – Visuo-cognition in gait direct, indirect and total effects in Parkinson's 
disease with a visual cue 
ß(p)  Direct effect 
pathway 
Indirect effect pathways Total effect 
Outcome Predictor  Cognition Visual 
Function 
Saccade 
Frequency 
 
  ß (p) ß (p) ß (p) ß (p) ß (p) 
Gait       
 Cognition -.367 (.036)* - -.023 (.774) -.013 (.657) -.403 (.034)* 
 Visual Function -.047 (.940) -.168 (.005)* - .010 (.774) -.205 (.073) 
 Saccade Frequency .054 (.602) .098 (.031)* .010 (.546) - .162 (.602) 
       
Saccade Frequency      
 Cognition -.267 (.037)* - .099 (.054) - -.168 (.045)* 
Visual Function .217 (.113) -.122 (.008)* - - .095 (.782) 
       
[*significance level p<0.05, Direct effect pathway = path between Outcome and Predictor, Indirect effect pathways = path 
between Outcome and Predictor through x (where x represents either cognition, visual function or saccade frequency), 
Total effect = sum of all direct and indirect effects]   
 
Interestingly, there was weaker relationship between cognition (attention) and 
saccade frequency (change score; ∆Cue) with a visual cue (ß = -.27, p = .037, 
Figure 9-3) than without a visual cue (ß = -.42, p = .011, Figure 9-2). Visual 
function (VA, CS) was also shown to have a slightly stronger direct relationship (ß 
= .22, p = .113) with saccade frequency than within the gait model (ß = .13, p = 
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.482; Figure 9-2), although it was still non-significant (Table 9-2). Table 9-2 
demonstrates that the same indirect relationships between visual function, 
saccade frequency and gait (velocity with a cue) through cognition (attention) 
found in the gait model (Figure 9-2) were present in the visual cue model (Figure 
9-3). However the indirect effect of saccade frequency on gait through attention 
was slightly reduced with a visual cue (ß = .10, p = .031) compared to gait (ß = 
.14, p = .011). Interestingly, the indirect effect of visual function on saccade 
frequency through attention was also slightly reduced with a visual cue (ß = .12, p 
= .008) compared to gait (ß = 0.19, p = .006). In contrast, the indirect effect of 
visual function on gait was increased with a visual cue (ß = .16, p = .005) 
compared to gait (ß = .15, p = .008).  
9.5. Discussion 
This is the first study to explore direct and indirect relationships (effects) between 
cognitive and visual function, saccade frequency during gait and gait in people 
with PD. Comparison between the current study and previous research is 
therefore limited, as earlier studies have separately assessed relationships 
between cognition or vision and gait in people with PD and older adults. The 
findings of this investigation suggest that gait impairment in PD is influenced by 
visuo-cognitive dysfunction, with direct and indirect effects through attention. A 
final model of visual-attention and gait in PD is presented in Figure 9-4, in order 
to help explain the complex processes discussed.  
SEM of the associations among the variables in the present study was devised to 
test direct and indirect relationships between visuo-cognition and gait in PD. The 
inclusion or exclusion of variables and their connections within the SEM were 
largely driven by the presented theoretical model (Figure 9-1). Although a range 
of models were tested (Appendix 22.0) and the final model (Figure 9-2) explained 
a reasonable level of variance in both saccade frequency and gait, it is 
acknowledged that other models could be constructed from the data obtained in 
this thesis. Regardless, this study demonstrates the benefits of such multivariate 
analysis techniques when attempting to explain complex relationships between 
visuo-cognitive and gait variables in PD, and provided useful insights and future 
hypotheses about how these features interact.  
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9.5.1. How does visuo-cognition relate to gait impairment in 
Parkinson’s disease? 
Visuo-cognition (interaction between cognitive and visual functions, with 
impairments measured by alterations in saccade frequency) explained a small 
amount of gait variance in PD, which was expected due to the complex and 
multifactorial nature of gait. SEM demonstrated that visuo-cognition explained 
10% of the variance in gait (straight walk velocity) in PD and attention was the 
only variable significantly associated with gait. The amount of explained variance 
and relationship with attention were similar to previous gait research in PD (Lord 
et al., 2010) and older adults (Liu-Ambrose et al., 2010; MacAulay et al., 2014). 
Unsurprisingly, visuo-cognition explained greater variance in saccade frequency 
(change score) (18%), which also only had significant relationship with attention. 
Level of explained variance and relationship with attention were similar to 
Figure 9-4 - Final model detailing visual-attention and gait in Parkinson's disease 
[There are three direct pathways primarily involved; A) Attention and gait, B) Interactions between visual 
function and attention (termed visual-attention), and C) Attention and saccade frequency. There are also 
three indirect pathways through attention involved; D) Visual function and gait, E) Visual function and 
saccade frequency, and F) Saccade frequency and gait. Full black lines represent direct pathways and 
dashed grey lines represent indirect pathways] 
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previous saccadic research (Hoffman and Subramaniam, 1995; Wang et al., 
2013; Buhmann et al., 2015). The other remaining variance in both gait (90%) 
and saccade frequency (82%) may be explained via numerous influences on 
these behavioural outcomes that were either not assessed or controlled for within 
the current exploratory study. These include level of fatigue (Faber et al., 2012), 
motivation (Kaplan et al., 2012), physical condition, motor severity (primarily 
influencing gait), medication, prior knowledge of testing procedures (learning 
effect between walks) (Kim and Rehder, 2011) and emotional state (Oatley et al., 
2011). Variance in saccade frequency could also be due to specific visual 
influences such as colour properties of the visual scene (Amano et al., 2012) and 
saliency of objects (i.e. doorway) (t Hart et al., 2013). Irrespective of other 
influences, a number of important associations were identified among the visuo-
cognitive and gait variables. However cognition, specifically attention 
(represented by FoA) was found to be the only variable directly associated with 
all of the other features, which was consistent both during non-cued gait (Figure 
9-2) and visually cued gait (Figure 9-3). 
9.5.2. Visual-attention and gait in Parkinson’s disease 
The final SEM presented in Figure 9-2 provides a coherent and logical structure 
linking cognition (attention), vision (visual functions), saccade frequency (change 
scores) and gait (straight walk velocity), which demonstrated relationships that 
were not evident within previous analysis (Chapter 7 and 8). Results 
demonstrated that people with PD who had poorer attention, also had worse 
visual function, changed their saccade frequency less in response to 
environmental challenge, and had slower gait. However in line with specific 
hypotheses, attention had a central role within the theoretical visuo-cognition in 
gait in PD model. As mentioned in the thesis introduction, visuo-cognition is a 
global descriptor of cognitive and visual function interactions. However due to the 
central role of attention, the more specific term of visual-attention could be 
applied within this study (Figure 9-4). 
Visuo-cognition was shown to influence gait in PD primarily through attention, 
with direct effect of attention and indirect effect of visual-attention on gait (Figure 
9-4(B)). Attention was directly related to all of the visuo-cognitive features (visual 
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function and saccade frequency) and gait in PD, which suggests an over-arching 
or dominant role of attention in gait impairment (Lord et al., 2014; Lückmann et 
al., 2014), depicted in Figure 9-4. As hypothesised, attention and visual functions 
shared a significant direct relationship in PD, which demonstrated that these 
features interact with each other, and subsequently form visual-attention which 
impacted gait. In line with previous results (Chapter 7), visual function had no 
direct relationship (effect) with saccade frequency or gait in PD (Figure 9-4(D)). 
Instead a significant indirect relationship was facilitated through attention (i.e. 
slower gait velocity and less change in saccade frequency were impacted by 
poorer visual function, through impaired attention), which has not been seen in 
previous vision and gait research (Swigler et al., 2012). Results were similar to 
previous SEM analysis in older adult drivers (Ball et al., 1993), which showed that 
better visual functions directly related to better attention (measured using the 
useful field of view test) but not task outcomes (i.e. driving ability). Similarly, 
saccade frequency (change score) had no direct relationship with gait (Figure 9-
4(F)), but there was a significant indirect relationship through attention (i.e. slower 
gait velocity was impacted by less change in saccade frequency, through poorer 
attention). 
These findings highlight the pivotal role that cognitive, particularly attentional 
dysfunction plays in visuo-cognition and gait and are comparable to the extensive 
literature regarding relationship between attention and gait in PD (Lord et al., 
2014). Attention also facilitated the role of vision in gait in PD, with visual function 
not directly related to gait in PD (Figure 9-2 and Table 9-1) or controls (Appendix 
19.0), which has not been considered in previous research (Chapter 2).  
9.5.3. Task-dependent visual-attention in Parkinson’s disease: visual 
cues 
When the SEM was manipulated by entering data obtained when walking with a 
visual cue in place (Figure 9-3), the same direct and indirect relationships 
(effects) seen within the gait model occurred however selective interactions were 
slightly altered. Similar to non-cued gait, direct and indirect effects on gait with a 
visual cue were seen through attention, which signified that the visual cue 
influenced visual-attention in PD (Figure 9-4). Further, visuo-cognition explained 
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slightly greater gait variance with a visual cue (13%) compared to without (10%), 
likely due to subtle variation in underlying visual-attention relationships which 
may underpin response to cues seen in PD (discussed in Chapter 8).  
Association between attention, visual function and saccade frequency was task-
dependent. For example, Figure 9-2 demonstrated that during gait only better 
attention related to greater change in saccade frequency, whereas Figure 9-3 
showed that when using a visual cue better attention and poorer visual function 
had similar relationship with greater change in saccade frequency. As 
hypothesised, saccade frequency during gait was primarily driven by attention, 
but when using a visual cue association with attention reduced and relationship 
with visual function increased. These subtle changes in underlying visual-
attention features when using a visual cue may be due to unburdening of 
attention (‘top-down’) with external stimulus, which was discussed in Chapter 8 
(section 8.5.5). 
Previous research has demonstrated that visual search deficits in PD were 
ameliorated when bottom-up attention was influenced by highly salient targets 
and top-down attention was provided with specific goals prior to the task (e.g. 
step over these lines) (Horowitz et al., 2006). Therefore the use of a visual cue 
probably influenced decision making regarding relevance of information. For 
example, when using the cue less demand may have been placed on attention, 
with saccade guidance provided by the visual cue rather than online decision 
making, and the saliency of the transverse lines likely triggered bottom-up 
attentional processing (reflexive saccades). Similarly, due to problems with 
cognitive flexibility people with PD may be less distractible when using a cue (i.e. 
make fewer saccades to irrelevant areas) due to the specific instructions provided 
(Hanes et al., 1995; Cools et al., 2001). This was further demonstrated by the 
reduction in explained saccade frequency variance by visual-attention within the 
visual cue model compared to the gait model (e.g. change in saccade frequency 
without a cue r2 = 18% and with a cue; r2 = 7%). Similarly, relationship (direct and 
total effect) between saccade frequency and gait in PD with a visual cue was 
slightly stronger (Tables 9-1 and 9-2), and indirect effect through attention when 
using a visual cue was slightly weaker (e.g. gait β = .14, p = .011, visual cue β = 
.10, p = .031). This evidence further highlights the role that visual cues may have 
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in guidance of visual sampling during gait in PD, which may free attentional 
resources to be used for gait or other tasks.  
9.5.4. Attentional compensation in Parkinson’s disease 
The pivotal role of attention within visuo-cognition and gait in PD (Figure 9-4) may 
indicate attentional compensation for underlying visual or motor (gait) deficits. 
These relationships are possibly due to those with better attention having more 
neural resources available to circumvent impairment (Rubinstein et al., 2002; 
Tombu and Jolicoeur, 2003; Heuninckx et al., 2008; Yogev-Seligmann et al., 
2008). For example, an increase in association between poorer visual function 
and greater change in saccade frequency when using a visual cue may reflect a 
compensatory attentional mechanism. Increased saccade frequency has been 
found in several static visual search studies which involved individuals with visual 
impairment (Barraga, 1964; Bowers and Reid, 1997; Hawelka and Wimmer, 
2005). Target (visual cue) saliency would become reduced with impairment of 
visual function. Therefore attentional compensation (both top-down and bottom-
up, but primarily the latter) may be required to influence more frequent sampling 
in order to filter the visual scene and distinguish the transverse lines from the 
floor (Horowitz et al., 2006). This is complicated by attentional impairment with 
PD progression (Taylor et al., 2008), which would lead to impairment of visual 
function, saccade frequency and gait, with implication for poor mobility, with 
increased trips and falls risk (Allcock et al., 2009). 
9.5.5. Study Strengths 
A major strength of this chapter was the use of SEM analysis (Figures 9-2 and 9-
3) and a clear a priori hypothesis to guide analysis, which uncovered important 
relationships between attention and visual function, and indirect effects of visuo-
cognitive features on gait through attention. These relationships would not have 
been evident with the use of factor analysis followed by regression techniques, as 
these treat the independent variables the same without ordering potential 
influential relationships. To date SEM has been an uncommon technique for gait 
analysis (Chau, 2001), likely due to some reports that state a minimum sample 
size of 200 cases is required (Mueller and Hancock, 2008). However, it has been 
recognised that such a high sample size is unrealistic for certain studies and 
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other researchers have suggested that a modest sample of 5-20 cases per 
independent variable is more realistic while remaining statistically valid (Bentler 
and Chou, 1987; Tanguma, 2001; Menz et al., 2007; Byrne, 2013; Hoyle and 
Gottfredson, 2014; Xiong et al., 2015). Therefore the sample size used in this 
study (PD, n = 56 for the gait model and n = 55 for the visual cue model) allowed 
for the development of SEMs regarding visuo-cognition and gait in PD.  
9.6. Conclusions 
In summary, this study explored an a priori model of the direct and indirect 
relationships between cognitive and visual functions, saccade frequency during 
gait and gait in PD. The findings suggest that visuo-cognitive dysfunction or more 
specifically visual-attention influences gait impairment in PD. Attention has a 
central role within visuo-cognition and gait, with indirect relationships with gait 
through attention for visual functions and saccade frequency. Manipulation via a 
visual cue demonstrated that task-dependent relationships between attention, 
visual function, saccade frequency and gait occur in PD, which may relate to cue 
response. 
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10. Thesis Summary 
The aims of this thesis were to further understand the roles of cognition and 
vision in gait in PD, which involved examination of the relationship between 
cognitive and visual functions (termed visuo-cognition) and the role of visuo-
cognition in gait in PD. Gait in PD is multi-factorial with contributions from a 
variety of motor and non-motor features, which is widely recognised. However 
previous accounts of non-motor features such as cognitive and visual functions 
and their role in gait in PD have segregated investigation into separate strands 
(i.e. cognition and gait, or vision and gait). The natural environment is complex 
and involves a variety of terrains, obstacles, hazards, different luminance, depth 
and lighting. Therefore in order to safely navigate through such complex spaces 
cognitive and visual functions are required. The burden placed onto cognitive and 
visual functions may be further heightened in PD due to everyday walking 
becoming a more attentional demanding task.  
This thesis reported novel research and investigation into mobile eye-tracking 
technology (Chapter 5 and 6), and robust evaluation of the primary outcome 
(saccade frequency) used within the main experimental studies (Chapters 7, 8 
and 9) in people with PD and controls. Chapter 5 successfully developed and 
evaluated methods for extracting visual sampling outcomes during gait from 
mobile eye-tracking data in people with PD and controls. Next, chapter 6 
provided the first study to evaluate the accuracy and reliability of a mobile eye-
tracking device, showing that for the purposes of this thesis these factors were 
adequate. These preliminary studies were vital to the primary investigation, 
providing evidence of robust data collection and analysis which has scarcely 
been contemplated within previous research.  
As stated earlier, PD is a complex multisystem disorder which commonly involves 
cognitive, visual and gait impairments, which were all demonstrated in this thesis. 
The remaining chapters (Chapters 7, 8 and 9) demonstrated that there is a 
complex functional relationship between cognition, visual function, saccade 
frequency and gait in PD, which is underpinned by attentional mechanisms.  
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The main experimental study (Chapter 7) clearly showed that selective gait 
characteristics and saccade frequency during gait were significantly impaired in 
people with PD compared to age-matched controls, with implication for poor 
mobility, trips and falls. A surprising finding was that gait characteristics and 
saccade frequency were not associated in people with PD but were in controls. 
Despite this, online results demonstrated that gait and saccade frequency were 
influenced by greater environmental challenge and dual task in both groups, 
indicative of common underlying visuo-cognitive mechanisms.   
Saccade frequency was reduced in PD compared to controls within all conditions. 
Interestingly, saccade frequency increased with greater environmental challenge 
and decreased under dual task in both groups. General reduction in saccade 
frequency during gait seen with PD furthers previous static and dynamic work, 
but builds on previous results to provide a comprehensive account of visual 
sampling during gait. Within this thesis saccade frequency impairment in PD was 
suggested to be due to difficulties with initiation of voluntary saccades during gait, 
which implicates dysfunctional attentional networks/signals. This is possibly due 
to dopaminergic depletion and added attentional burden of gait in PD. Both top-
down and bottom-up attention had influence on saccade frequency during gait in 
both groups. However, impairments with PD pathology primarily impact top-down 
attention, which has inhibitory control over saccade generation and suppression. 
This was evidenced by further reduction in saccade frequency under dual task. 
Similarly, increased saccade frequency with greater environmental challenge 
under single and dual task likely relates to increased initiation of reflexive 
saccades via bottom-up (stimuli driven) attention in PD. However not all of the 
saccades made with increased environmental challenge will be reflexive. Rather 
fluctuations between top-down and bottom-up saccade generation during gait in 
PD is quite plausible.     
The second experimental study (Chapter 8) demonstrated that saccade 
frequency during gait significantly increased in both groups with a visual cue, 
which was maintained under dual task with greater response seen in people with 
PD. Use of a visual cue with specific instructions may have reduced difficulties 
distinguishing between relevant and irrelevant information during gait for people 
with PD, further freeing attentional resources to be used on the secondary 
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cognitive task, saccade generation and gait. As discussed, the saliency of the 
visual cue and goal-directed nature of the task would trigger more efficient visual 
sampling, underpinned by visuo-cognitive features. Indeed, a particularly novel 
finding within chapters 7 and 8 pertained to saccade frequency having significant 
relationship with cognitive (attention) and visual functions (CS) independent of 
demographic features in PD under single task conditions. This supported the 
hypothesis that visuo-cognitive features underpin saccade frequency in PD. As 
hypothesised, attention determined saccade frequency during gait whereas when 
using a visual cue attention and visual function were independently associated. 
This demonstrated that mechanisms underlying saccade frequency may be task-
dependent, with greater input from visual functions with a more complex visual 
task (a visual cue). However the analysis within chapters 7 and 8 was limited, as 
results provided only direct relationships with little evidence for interaction 
between variables or indirect effects. 
The final hypothesis-driven study (Chapter 9) provided a structured multivariate 
model of the relationships involved in visuo-cognition in gait in PD (Figure 9-4), 
demonstrating that attention had a central role in all relationships. Attention 
shared a direct relationship with visual function in PD, forming visual-attention. 
Evidence demonstrated that attention had separate direct effect on gait and 
saccade frequency in PD, but that visual function and saccade frequency only 
affected gait indirectly through their combination with attention. Visuo-cognitive 
dysfunction consequently influenced gait deficit in PD, predominantly through 
attention (direct pathway) forming visual-attention (indirect pathway). Therefore 
within PD attention was shown to be an overarching system, which may be 
required to compensate for deficits within visual and motor domains. Attentional 
decline with PD progression likely elicit visual-attention impairments and impact 
gait, with implication for poor mobility and increased falls risk.  
Manipulation of the structured model via entering saccade frequency and gait 
data obtained while using a visual cue demonstrated that the same visuo-
cognitive (or more specifically visual-attention) relationships existed. Gait in PD 
was still influenced by visuo-cognition (indirectly) and attention maintained its 
central role in all of the relationships involved. However contribution of attention 
and visual function to saccade frequency during gait altered in a task-dependent 
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manner in line with specific hypotheses, which also validates the experimental 
protocol used within this thesis. With use of a visual cue the role of attention in 
saccade frequency was reduced compared to gait without a visual cue and visual 
function had a slightly greater role. Weaker attentional association indicated that 
the external stimulus (visual cue) may have unburdened attention by guiding 
visual sampling through stimuli driven behaviour rather than ad-hoc (fluctuating) 
voluntary response suppression and selection.  Reduction in attentional demand 
for saccade frequency during gait was also likely the reason why saccade 
frequency response was maintained (similar to single task) under a dual task and 
participants performed better on the secondary cognitive task. Future studies 
may be able to manipulate the model to assess underlying mechanisms involved 
in various gait interventions in PD, as different visual cueing paradigms may 
selectively impact model relationships.    
10.1. Clinical Implications 
This thesis has identified impairment of visuo-cognition during gait in PD and has 
shown that this was related to gait impairment through attentional dysfunction. 
These findings have implication for the clinical assessment and management of 
gait in people with PD. As discussed, saccade frequency was reduced and 
selective gait characteristics were impaired in people with PD compared to 
controls during all of the walking conditions, and this worsened with distraction 
(dual task). The main implication of these findings is that reduction in saccade 
frequency during gait may lead to reduced mobility, and also has connotations for 
trips and falls. Therefore, when assessing gait in people with PD, it may be useful 
to examine how often an individual observes their environment. This may be 
particularly relevant when the environment becomes more challenging or when 
distracted by a secondary task, as these are common real-world situations.  
Saccade frequency during gait was also found to increase with greater 
environmental challenge (a door or turn) and further increased when attention 
was manipulated with a visual cue, which provides a potential method for 
intervention. Targeting dysfunctional visual sampling during gait with specific 
attentional therapeutic interventions (visual cues), rehabilitation (e.g. eye 
movement training (Zampieri and Di Fabio, 2008)) or pharmacological 
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manipulation may improve visual sampling and gait for people with PD, which 
could reduce falls risk. Further research is required to understand the specific 
mechanisms driving saccades when using visual cues in order to inform the most 
appropriate method of intervention. However, this thesis has provided some initial 
evidence on which to base future clinical practice and research.   
10.2. Limitations and Future Research  
Whilst this thesis generated new knowledge, further studies are warranted to 
tease out the specific nature of saccadic activity during gait in PD. It was evident 
within the analysis presented in this thesis that attention influenced saccade 
frequency during gait in PD (Figure 9-4), but identifying specific attentional 
networks involved was beyond the scope of this work. This is the main difficultly 
with investigation of saccades during dynamic tasks, as unlike static tasks 
unrestricted movement may be driven by multiple underlying processes and 
networks. Without extensive static saccadic assessment the exact underlying 
attentional processes (top-down or bottom-up) remain unclear. As a result 
definitive conclusions on whether changes in saccade frequency during gait were 
primarily due to voluntary attentional control or automatic bottom-up attention 
triggered via external stimuli can only be alluded to. Future studies should 
consider a much more detailed ‘visual neuroscience’ approach to better define 
underlying mechanisms involved in saccade frequency during gait in PD, perhaps 
involving static pro- and anti-saccade testing, imaging or electrophysiological 
work (e.g. mobile fNIRS or electroencephalogram (EEG)). Such an approach 
would allow saccade frequency to be exactly mapped to underlying brain 
networks or structures. It may also help to define how saccade frequency 
differences contribute to gait deficit in PD, as there was only an indirect 
relationship between saccade frequency and gait.  
Further, investigation of saccade frequency in PD longitudinally may provide 
useful information about deficits across the disease course and how they impact 
activities of daily living. Greater insight into the precise attentional processes 
involved will aid in the development of interventions to improve saccade 
frequency and gait in PD. Similarly in line with conclusions from a recent study in 
older adults (Dowiasch et al., 2015), another limitation was the use of laboratory 
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based manipulations rather than a real-world environment. Laboratory based 
saccade frequency during gait or gait outcomes may only partly resemble those 
of the real-world and future research should attempt to assess saccade 
frequency during gait in more natural environments (i.e. home-based 
assessment).  
Another limitation within the work reported in chapter 8 was that due to gait 
characteristics not being the primary focus of the study a set distance (50cm) 
visual cue was used, which led to gait characteristics not being improved in every 
participant. Future studies should consider tailoring the visual cue to each 
individual (e.g. distance 20% larger than participant baseline step length). Due to 
technological limitations this thesis did not assess where participants looked (i.e. 
what they fixated on in the environment), although during assessment it was 
obvious that participants were looking at the visual cue (transverse lines). Not 
being able to assess where people where fixating during gait meant that the use 
of saccades was difficult to establish. Results were also unable to indicate 
whether participants were viewing their current or future foot placements. This is 
important in future studies as it may indicate compensation for other underlying 
impairments such as proprioceptive deficits. Future studies could also attempt to 
improve interventions via tailoring them to individuals’ saccade frequency 
response, and perhaps develop improved cueing techniques that harness 
involved visual-attentional processes in PD. For example; motion activated laser 
beam visual cues which provide the same transverse lines but may target 
reflexive bottom-up attention.  
Increased saccade frequency with visual cues in both groups was attributed to 
increased attention to gait and the relevant area of the floor where participants 
were walking over. Increased downward attention to the ground with the use of 
horizontal lines is the standard visual cue protocol used in research and clinical 
practice (Holmes et al., 2015), however this protocol has limitations related to 
gaze location. The visual cues direct individuals attention to the ground directly in 
front of them (approximately one to two steps ahead), which has previously been 
found to increase obstacle collisions in healthy individuals (Patla, 1998; Matthis 
and Fajen, 2014). Interestingly a recent study by Vitorio et al. (2014) 
demonstrated that visual cues can improve gait in PD regardless of the ability to 
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see the first one to two steps ahead or not, which indicates that immediate 
downward attention may not be required. Increased downward attention likely 
relates to the horizontal placement of the cues which focus attention on the 
stepping process (i.e. more attention to each step taken). The increased saccade 
frequency seen with visual cues may therefore have been artificially driven by the 
protocol provided (i.e. stepping over horizontal lines) and may have meant that 
visual information was actually more restricted (i.e. looking at floor immediately in 
front rather than ahead). The nature of the visual cue (i.e. horizontal step 
position) and the instructions provided may therefore have influenced the 
increase in saccades, as participants looked at each line to step over but 
individuals may not have been exploring the walking environment with the cue. 
Alternative visual cues such as a vertical cue (e.g. one line along the walkway 
through the centre of the doorway) may provide focus on veering of gait (i.e. 
participant attempts to keep the line in the middle of their centre of mass) 
(Bestaven et al., 2012), rather than the stepping process. As a result vertical cues 
may drive different visual sampling or gait outcomes, such as increased fixation 
duration with focus ahead in the walking direction. Future studies could 
investigate this further with investigation of the different visual sampling and gait 
strategies used with horizontal or vertical visual cues with varied instructions (i.e. 
please step over these lines or no instructions about the lines etc.). Further 
investigation of the specific visual sampling and gait characteristics employed 
when using various visual cueing techniques could tease out the complex 
underlying mechanisms involved in cue response.  
Another methodological limitation of the current thesis was the limited range of 
vision testing, as VA and CS are only basic visual functions. Other perhaps more 
relevant vision measures or full ophthalmic assessment should be included in 
future studies, as other visual mechanisms may have a greater role within the 
hypothesised visuo-cognition in gait in PD model. Future studies should consider 
assessment of visual functions including depth perception, motion perception, 
dynamic visual acuity and optic flow to provide a comprehensive battery of vision. 
Other directions for future work include development of further understanding of 
visuo-cognition in gait which may involve participants with various other 
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neurological disorders which impact cognition, vision and gait. It is likely that 
visuo-cognitive relationships would differ depending on disease pathology.  
Finally, this was the largest study (n = 100 in total) to explore saccade frequency 
during gait in PD and the underlying mechanisms involved, and it was the first to 
examine how saccade frequency relates to gait impairment. However a very 
important limitation of this thesis was that although significant associations were 
found between these features the majority were quite low (mostly weak (r = .10 to 
.30) or moderate (r = .30 to .50)), and many comparisons were made without 
control. This was appropriate due to the exploratory nature of the main 
experimental chapters (Chapter 7, 8 and 9) and meant that potentially meaningful 
findings were not discarded (i.e. avoid Type II error). The limited strength of 
associations was not surprising given the complex nature of both saccadic 
activity and gait (Antonisamy et al., 2010). For example, gait and saccades are 
multifactorial and various features not included within this thesis may have 
impacted associations, such as fatigue, motivation, musculoskeletal conditioning, 
ethnicity etc. Eye-tracker measurement error discussed in chapters 5 and 6 may 
also have contributed to the weak to moderate associations. However, now that 
relationships between cognition, visual function, saccade frequency and gait have 
been uncovered, future studies could use a more stringent approach to 
interpretation. This could be achieved with classification of correlations by 
importance (i.e. looking at r2 values) or use of Bonferroni or other techniques to 
control for multiple comparisons.  
10.3. Conclusions 
This thesis provides support for a different approach to studying the role that 
cognition and vision play in gait in PD, in which such functions are not entirely 
separate processes as previously supposed. The key new finding that has 
emerged from this thesis is that visuo-cognition during gait is impaired in PD and 
indirectly related to gait impairment through attention. The final conclusions from 
this thesis are as follows; 
1) Cognitive and visual functions are significantly related in PD and controls, 
with stronger association in PD  
Chapter 10: Thesis Summary 
206 
 
2) Saccade frequency during gait is reduced in PD compared to age-matched 
controls, and attentional distraction reduces sampling frequency 
irrespective of pathology 
3) Impaired saccade frequency during gait in PD can be ameliorated with the 
use of a visual cue which increases attention, and this is maintained under 
attentional distraction (dual task) 
4) Gait impairment in PD is influenced by visuo-cognitive dysfunction, but 
attention facilitates all relationships involved 
5) Interventions targeting attention (visual cues) may be used to improve 
saccade frequency and gait, with implications for falls risk reduction 
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11. Appendices 
1. Appendix 1.0 – Structured review supplementary data 1; Reason for 
exclusion of studies (n = 47) 
NON MOTOR TASK MOTOR TASK No age-
matched 
controls 
Computer based 
task 
Visual 
function 
Visual  task Simple 
motor Task 
Bulletin/ 
review/ 
conference 
Unrelated 
visual 
sampling 
& motor 
task 
No 
measure 
of visual 
sampling 
(Archibald et al., 
2013) 
(Corin 
et al., 
1972) 
(de Hemptinne et 
al., 2013) 
(Shimizu et 
al., 1981) 
(Baziyan et 
al., 2007) 
(Bekkering 
et al., 
2001) 
(Tropini 
et al., 
2011) 
(Lohnes 
and 
Earhart, 
2012a) 
(Cameron, 2011) (Harris 
et al., 
2003) 
(Economou and 
Stefanis, 1978) 
(Weinrich 
and Bhatia, 
1986) 
(Naushahi 
et al., 
2012) 
(Crawford 
et al., 
1989) 
 (Temel et 
al., 2008) 
(Cools et al., 
2010) 
(Duval 
and 
Beuter, 
1998) 
(Flowers and 
Downing, 1978) 
(Yoshida et 
al., 2005) 
 (Lohnes 
and 
Earhart, 
2012b) 
 (Temel et 
al., 2009) 
(Fielding et al., 
2006b) 
(Fielding et al., 
2006a) 
 (Gibson et al., 
1987) 
(Hansen et al., 
1990) 
  (Lord et 
al., 2012) 
 (Velasques 
et al., 
2007) 
(Gurvich et al., 
2007) 
 (Highstein et al., 
1969) 
     
(Hodgson et al., 
2002) 
 (Hochstadt, 2009)      
(Inzelberg et al., 
2008) 
 (Horowitz et al., 
2006) 
     
(Joti et al., 2007)  (MacHner et al., 
2010) 
     
(Kimmig et al., 
2002) 
 (Marino et al., 
2007) 
     
(Kuechenmeister 
et al., 1977) 
 (Pinnock et al., 
2010) 
     
(Mannan et al., 
2008) 
 (Poujois et al., 
2007) 
     
(van Stockum et 
al., 2008) 
 (Praamstra et al., 
1998) 
      
(van Stockum et 
al., 2011b) 
 (Sampaio et al., 
2011) 
     
(van Stockum et 
al., 2012) 
 (Shibasaki et al., 
1979) 
     
(van Stockum et 
al., 2013) 
 (Terao et al., 2011)      
  (van 
Koningsbruggen et 
al., 2009) 
     
  (von Noorden and 
Preziosi, 1966) 
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2. Appendix 2.0 – Structured review supplementary data 2: Detailed visual 
outcome measures and key findings 
Author Visual 
Outcome 
Measures 
Key Findings 
(Anastasopoulos 
et al., 2011) 
Initial 
saccade: 
Velocity 
Amplitude 
Frequency 
Latency 
 
 
1. PD participants made more eye movements than control (P < .0001) with 
reduced contribution from the trunk and head during turning (Eye movements were 
observed first followed by head/trunk movement).  
2. Reduced initial saccade velocity  was recorded in PD participants compared to  
control  (non-significant) 
3. PD participants demonstrated smaller initial saccade amplitudes than control  
(non-significant) 
4. Significantly decreased single-step saccade frequency (P = .0006) was 
observed in PD patients. As well as no significant group difference in latencies. 
(Desmurget et 
al., 2004a) 
Eye position 
(mm) 
 
Initial 
saccade: 
Latency 
Peak velocity 
Duration 
Amplitude 
 
1. PD participants demonstrated longer saccadic reaction times compared to  
control  (Statistical trends were observed) 
2. On-line (in vision) movement corrections are impaired in PD subjects compared 
to control due to an inability to adjust force control with changing requirements.  
3. Initial saccade peak velocity and amplitude are all reduced in PD compared to  
control 
4. Initial saccade duration and latency were increased in PD compared to  control 
None of the vision contrasts between PD and control  were statistically significant  
(Galna et al., 
2012) 
Frequency of 
early   and late 
saccades 
(under single 
and dual task 
conditions) 
1. People with PD explored their environment less than control , particularly when 
approaching a turn or when distracted (dual tasking) 
2. Under single task conditions, PD participants made 30% less saccades than  
control  (non-significant) 
3. PD participants made less saccades than  control  under dual task conditions (p 
< .04) 
(Heremans et al., 
2012) 
Eye 
movement: 
Time between 
fixations 
Frequency 
Amplitude 
Goal-directed aiming task (GDAT) and Box and block task (BBT) 
 
1. No differences were found between the number of eye movements or 
amplitudes observed during the physical execution and mental imagery tasks, but 
no significant differences were noted between cohorts. 
(Lee et al., 
2012b) 
Visual 
fixations were 
monitored with 
respect to 
seven AOI’s. 
Analyses of 
fixations were 
relative to 
seven 
predefined 
AOI in the car 
(i.e. mirrors, 
speedometer 
etc.) 
1. PD subjects kept their head still and made reduced eye movements in 
comparison to the control  group 
 
2. PD subjects reportedly made fewer fixations on AOI’s compared with that 
observed in control  subjects for all testing parameters 
(Lohnes and 
Earhart, 2011) 
Number of 
saccades 
Initial 
saccade: 
Velocity 
Amplitude 
Total 
frequency 
1. Saccades were impaired during turning in people with PD 
2. PD participants made the initial saccade earlier compared to control. The earlier 
saccade was accompanied by reduced  initial saccade velocity (p < .01) and 
amplitude (p < .01, only for 180 degree turn) compared to that of control   
3. PD participants demonstrated increased saccade frequency than control (p < 
.01) 
(Marx et al., 
2012) 
Saccades: 
Peak velocity 
Amplitude 
Duration 
Direction 
1. PD subjects demonstrated reduced saccade duration compared to control (p < 
.05) 
2. PD subjects ‘compensate’ for saccade activity impairments when walking  
3. Saccade peak velocity, amplitude and duration are all increased in PD 
compared to control when walking (non-significant) 
4. There was no difference between the groups for saccade direction 
(Muilwijk et al., 
2013) 
Saccade 
latency 
 
 
1. Initiation of saccades in goal directed tasks was not affected.  
2. Eye movements (during tasks ii and iii) were initiated faster by PD participants. 
The authors attributed this to a difficulty  suppressing reflexive saccades in early 
stage PD 
3. Hand movements were delayed in PD participants (tasks i and ii)  
4. Saccade latency of PD participants was equal to or less than control in 3 of the 4 
tasks (pro, anti-tapping and dual planning). PD subject saccade latency was 
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increased compared to control in the spatial memory task. 
(Sacrey et al., 
2009) 
Saccadic 
activity: 
Latency 
Fixation 
duration 
 
 
1. Visual activity during reaching in mild PD is similar to control subjects (both 
young and old), but was impaired in advanced PD compared to control.  
2. The time from visual engagement to the grasping of the food item and the time 
from grasping the food item to visual disengagement was significantly longer in the 
advanced PD cohort compared to the three other groups (mild PD, young adults 
and older adults; p < .0001) 
(Sacrey et al., 
2011) 
Saccadic 
activity: 
Latency 
Fixation 
duration 
 
 
1. When listening to music, PD participants (both medicated and un-medicated) 
took longer to initiate a reaching movement after a visual fixation compared with 
control (p > .05). They exhibited an impaired switching of visual attention and 
somatosensory guidance 
2. Medicated PD subjects have to fixate for a similar duration as control 
participants, whereas un-medicated PD fixated significantly longer (p < .05) 
3. Saccade latencies were significantly increased in both medicated and non-
medicated PD compared to control participants (p < .05) 
(Uc et al., 2006) LTIT: Visual 
search score 
which included 
the per cent of 
landmarks and 
traffic signs 
identified and 
the number of 
at fault safety 
errors 
Visual search was quantified by the score derived from the LTIT.  
The findings indicated that: 
1. Visual search was impaired in PD compared to control participants (total 
identification of landmarks and traffic signals was significantly less and the number 
of at-fault errors was significantly greater; p < .001. These differences persisted 
even when accounting for familiarity of the location/ region, far and near visual 
acuity, gender, driving exposure and level of education) 
2. Cognitive (visuospatial and attention), visual (visual acuity and contrast 
sensitivity), and balance deficits were observed in PD participants 
(Ventre-Dominey 
et al., 2001) 
Saccades: 
Latency 
 
 
1. Eye-hand coupling is preserved in PD participants  
2. PD subjects demonstrated longer saccade latencies for both hands compared to  
control (p < .0001) 
3. Differences in saccade latencies were even more pronounced when PD 
participants pointed with the ‘affected hand’. 
(Ventre-Dominey 
et al., 2002) 
Initial 
saccade: 
Amplitude 
Latency 
Frequency 
1. Pointing reduced saccade frequencies in PD subjects compared to control’s but 
increased frequencies when using PD affected limb. 
2. Saccade latencies were longer in PD subjects than control (non-significant) 
(Vitorio et al., 
2012) 
Voluntary 
visual 
samples:  
Frequency  
Duration 
1. No significant differences were found between PD and control participants in 
terms of their visual activity during walking. 
2. Under single task PD made 25% less visual samples than control (non-
significant) 
3. Duration of VS was less in PD subjects  than control (non-significant) 
(Vitorio et al., 
2013) 
Voluntary 
visual 
samples:  
Frequency  
Duration 
1. People with PD are more dependent on dynamic visual information than control 
2. PD subjects made significantly less visual samples than control subjects 
3. Reduced duration of VS in PD compared with control (non-significant) 
(Vitorio et al., 
2014) 
Fixations: 
number and 
duration (ms 
and % of time) 
 
Location of 
fixation by 
frame-by-
frame analysis 
of eye-tracker 
videos 
1. People with PD fixate on visual cue prior to placing foot on floor 
2. People with PD made less fixations than controls, with longer durations with a 
visual cue 
3. Percentage of time spent fixating during a walk with a visual cue was loner in 
people with PD 
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3. Appendix 3.0 - Recruitment Poster 
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4. Appendix 4.0 - Recruitment Email 
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5. Appendix 5.0 - Montreal Cognitive Assessment (MOCA) 
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6. Appendix 6.0 – Addenbrooke’s Cognitive Examination (ACE-R) 
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7. Appendix 7.0 - Geriatric depression scale (GDS-15) 
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8. Appendix 8.0 – Royals CLOX 1 and 2 
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9. Appendix 9.0 – Bentons Judgement of Line Orientation (JLO)  
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10.  Appendix 10.0 – Movement Disorders Society – Unified Parkinson’s 
disease Rating Scale 
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11. Appendix 11.0 - Hoehn and Yahr (H&Y) Scale 
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12. Appendix 12.0 – The Freezing of gait questionnaire (FOGQ) 
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13. Appendix 13.0 – Falls and Efficacy scale (FES-1) 
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14. Appendix 14.0 - Eye and Head Movement Peak Cross Correlations 
During Walking 
    Session 1 Session 2 
    HORIZONTAL VERTICAL HORIZONTAL VERTICAL 
Group Participan
t 
5 10 15 5 10 15 5 10 15 5 10 15 
Older Adults 1 0.0
9 
0.0
8 
0.1
0 
0.1
0 
0.6
9 
0.1
0 
0.1
1 
0.0
9 
0.1
6 
0.0
9 
0.1
1 
0.1
0   2 0.0
4 
0.1
1 
0.0
8 
0.1
3 
0.1
1 
0.1
4 
0.0
9 
0.1
7 
0.1
3 
0.0
6 
0.1
3 
0.0
5   3 0.0
8 
0.0
8 
0.2
1 
0.1
7 
0.2
2 
0.1
7 
0.1
2 
0.1
0 
0.1
1 
0.1
3 
0.1
4 
0.1
2   4 0.1
1 
0.0
6 
0.0
9 
0.0
6 
0.0
7 
0.1
0 
0.0
9 
0.1
4 
0.1
3 
0.0
7 
0.1
1 
0.1
0   5 0.1
0 
0.1
6 
0.1
6 
0.1
2 
0.0
7 
0.1
0 
0.1
3 
0.1
2 
0.1
6 
0.0
8 
0.0
8 
0.1
0   6 0.0
9 
0.1
3 
0.1
4 
0.1
0 
0.0
5 
0.0
5 
0.1
9 
0.1
4 
0.2
0 
0.1
0 
0.1
0 
0.1
1   7 0.0
8 
0.1
2 
0.0
6 
0.0
4 
0.0
8 
0.0
7 
0.4
0 
0.1
6 
0.1
7 
0.0
6 
0.0
4 
0.1
0   8 0.0
9 
0.1
3 
0.1
5 
0.0
3 
0.0
9 
0.1
0 
0.1
2 
0.1
4 
0.1
8 
0.0
7 
0.0
7 
0.0
3   9 0.1
9 
0.1
0 
0.1
4 
0.0
9 
0.0
8 
0.0
5 
0.1
1 
0.0
9 
0.1
0 
0.0
5 
0.0
6 
0.0
5   10 0.0
6 
0.0
9 
0.0
9 
0.1
1 
0.0
9 
0.1
2 
0.1
1 
0.0
7 
0.1
3 
0.0
9 
0.0
9 
0.0
8   11 0.0
7 
0.0
7 
0.0
9 
0.1
7 
0.1
1 
0.1
1 
0.0
6 
0.0
6 
0.0
7 
0.1
4 
0.1
1 
0.1
6   12 0.0
8 
0.1
2 
0.1
3 
0.1
3 
0.1
0 
0.1
0 
0.0
8 
0.0
9 
0.0
6 
0.0
5 
0.0
5 
0.0
7   13 0.0
3 
0.0
4 
0.0
5 
0.0
4 
0.0
3 
0.0
4 
0.1
2 
0.1
0 
0.1
1 
0.1
2 
0.0
7 
0.1
2   14 0.1
3 
0.1
3 
0.1
6 
0.0
9 
0.1
2 
0.0
6 
No follow up data available 
 
 
 
 
 
  15 0.1
4 
0.0
8 
0.1
0 
0.0
8 
0.0
8 
0.1
3 
0.1
1 
0.1
7 
0.1
0 
0.1
4 
0.0
9 
0.1
3   16 0.1
9 
0.1
1 
0.1
8 
0.1
7 
0.1
4 
0.1
0 
0.0
9 
0.0
7 
0.0
7 
0.1
5 
0.1
6 
0.1
2   17 0.0
4 
0.0
9 
0.0
8 
0.0
6 
0.1
4 
0.0
8 
No follow up data available 
  18 0.2
2 
0.1
9 
0.2
5 
0.1
1 
0.1
2 
0.1
4 
0.1
1 
0.1
3 
0.0
3 
0.0
1 
0.0
2 
0.0
1   19 0.1
3 
0.1
2 
0.0
9 
0.0
8 
0.1
2 
0.0
8 
0.1
0 
0.1
1 
0.1
5 
0.0
8 
0.0
5 
0.1
2   20 0.0
4 
0.0
8 
0.0
5 
0.0
3 
0.0
8 
0.0
4 
0.0
7 
0.1
4 
0.0
7 
0.0
9 
0.1
3 
0.0
8   Average 0.1
0 
0.1
0 
0.1
2 
0.0
9 
0.1
3 
0.0
9 
0.1
2 
0.1
2 
0.1
2 
0.0
9 
0.0
9 
0.0
9 Parkinson's 
disease 
1 0.1
2 
0.1
4 
0.1
5 
0.0
8 
0.0
7 
0.1
1 
0.1
0 
0.0
8 
0.0
5 
0.0
7 
0.0
8 
0.0
6   2 0.1
1 
0.0
7 
0.0
9 
0.0
9 
0.1
0 
0.0
7 
0.1
0 
0.1
0 
0.1
0 
0.4
1 
0.3
4 
0.1
9   3 0.0
6 
0.0
6 
0.0
7 
0.0
8 
0.0
5 
0.0
5 
0.1
0 
0.1
1 
0.0
8 
0.0
5 
0.0
5 
0.0
6   4 0.0
8 
0.0
2 
0.0
6 
0.0
5 
0.0
4 
0.0
6 
0.1
6 
0.0
7 
0.0
8 
0.0
6 
0.0
5 
0.0
4   5 0.0
5 
0.0
5 
0.0
3 
0.0
2 
0.0
4 
0.0
4 
0.0
3 
0.0
4 
0.0
2 
0.0
4 
0.0
3 
0.0
4   6 0.0
6 
0.0
6 
0.0
8 
0.1
4 
0.1
1 
0.1
7 
0.0
3 
0.0
5 
0.0
7 
0.0
8 
0.1
1 
0.0
8   7 0.0
5 
0.0
8 
0.0
9 
0.1
0 
0.0
9 
0.1
3 
0.0
9 
0.0
9 
0.0
7 
0.0
6 
0.0
8 
0.0
4   8 0.0
4 
0.0
6 
0.0
6 
0.0
5 
0.0
6 
0.0
5 
0.0
7 
0.0
7 
0.0
8 
0.0
3 
0.0
5 
0.0
4   9 0.0
8 
0.0
5 
0.0
5 
0.0
6 
0.0
9 
0.0
7 
0.0
7 
0.0
6 
0.0
9 
0.0
5 
0.0
8 
0.0
4   10 0.0
5 
0.0
8 
0.1
1 
0.0
6 
0.0
9 
0.0
1 
0.0
3 
0.0
4 
0.0
8 
0.0
6 
0.1
1 
0.0
8   11 0.0
7 
0.0
9 
0.0
8 
0.0
7 
0.1
0 
0.0
7 
0.0
3 
0.0
4 
0.0
5 
0.0
4 
0.0
4 
0.0
3   12 0.1
1 
0.0
6 
0.0
9 
0.1
2 
0.0
6 
0.1
1 
0.0
5 
0.0
6 
0.1
2 
0.0
7 
0.0
8 
0.0
8   13 0.0
9 
0.0
9 
0.1
5 
0.0
8 
0.0
8 
0.1
1 
No follow up data available 
  14 0.0
6 
0.1
2 
0.1
1 
0.1
2 
0.1
2 
0.1
0 
0.0
9 
0.0
9 
0.1
1 
0.0
8 
0.0
9 
0.1
1   Average 0.0
5 
0.0
8 
0.1
1 
0.0
6 
0.0
9 
0.0
1 
0.0
3 
0.0
4 
0.0
8 
0.0
6 
0.1
1 
0.0
8                             
 [Horizontal comparison = eye x trace compared to medio-lateral g trace, Vertical comparison = 
eye y trace compared to superior-inferior g trace] 
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15. Appendix 15.0 – Photos of walking conditions 
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16. Appendix 16.0 - Visual sampling characteristics during gait  
   Saccades Fixations Blinks 
 
Attentional manipulation 
Number Duration Amplitude Peak Velocity Peak Acceleration Number Duration Number 
 (no.) (ms) (°) (°/sec) (°/sec²) (no.) (sec) (no.) 
Group Cognitive Task Environment Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
Control Single Straight 1.97 (1.59) 77.49 (21.68) 8.39 (4.13) 410.69 (117.43) 5010.15 (2486.94) 2.45 (1.21) 1.21 (0.78) 4.83 (3.40) 
  Door 2.03 (1.54) 64.25 (23.55) 9.12 (4.27) 438.08 (112.61) 5712.74 (3480.96) 2.48 (1.18) 1.08 (0.73) 4.38 (3.04) 
  Turn 3.36 (1.46) 78.40 (16.61) 9.51 (4.08) 511.42 (104.54) 5866.16 (3095.26) 3.56 (1.16) 0.76 (0.59) 4.03 (2.66) 
 Dual Straight 1.56 (1.45) 71.79 (26.92) 9.30 (4.63) 436.92 (157.58) 5927.32 (4216.98) 2.16 (1.15) 1.38 (0.89) 6.08 (3.74) 
  Door 1.73 (1.21) 67.16 (34.09) 9.09 (7.87) 426.26 (120.56) 7016.05 (6607.70) 2.40 (1.11) 1.28 (0.74) 6.70 (3.73) 
  Turn 3.38 (1.52) 70.53 (13.07) 9.93 (4.85) 502.70 (100.26) 6459.38 (4131.21) 3.62 (1.26) 0.80 (0.58) 6.45 (3.33) 
PD Single Straight 1.47 (1.70) 74.70 (21.68) 8.04 (3.45) 461.24 (128.48) 7956.80 (9059.84) 2.19 (1.46) 1.28 (0.96) 4.04 (4.25) 
  Door 1.92 (1.76) 71.90 (26.73) 8.99 (5.37) 477.47 (110.80) 8204.80 (8894.48) 2.59 (1.48) 1.25 (1.01) 4.34 (4.71) 
  Turn 3.13 (1.46) 71.02 (21.81) 8.89 (4.96) 508.51 (116.62) 7903.71 (9514.41) 3.55 (1.30) 1.10 (0.92) 3.64 (3.19) 
 Dual Straight 0.97 (1.22)† 70.93 (29.53) 6.83 (2.14)† 438.00 (114.42) 7862.66 (10489.95) 1.80 (1.11) 1.50 (1.00) 5.64 (4.04) 
  Door 1.21 (1.20)† 68.26 (27.61) 8.55 (3.98) 457.96 (116.24) 8123.58 (9766.17) 1.95 (1.01)† 1.50 (1.04) 5.50 (4.56) 
  Turn 2.43 (1.42)† 70.57 (16.69) 8.61 (3.26) 493.59 (103.75) 8226.40 (9044.50) 2.88 (1.18)† 1.05 (0.87) 4.96 (3.84) 
[† independent t-test PD vs controls significance level p <0.05, saccade, fixation and blink number were calculated from a Dikablis mobile eye-tracker (50Hz), all other characteristics were 
calculated using EOG (1000Hz) for horizontal saccades only] 
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17. Appendix 17.0 – Relationship between eye and head movement during 
gait 
Eye-head co-ordination analysed via peak cross correlation between the raw eye 
and head movement signals was similar between both groups, and within each of 
the walking conditions, as shown in Table 11-1. This evidence demonstrated that 
head movement was only moderately correlated (r = .38 to .45) with eye 
movement across the trials within both groups (PD and controls). A large range 
(Min: r = .15 to Max: r = .77) of eye-head co-ordination was also seen within both 
groups indicating that eye-head co-ordination was variable throughout the 
walking conditions for both groups. Head movement was therefore not used in 
further analysis.  
Table 11-1 - Head movement characteristics 
   
                      Eye-Head movement  Head Movement Data 
 Attentional 
manipulation 
Peak Cross 
Correlation X 
Peak Cross 
Correlation Y 
Mean Velocity X 
(°/sec) 
Mean Velocity Y 
(°/sec) 
Group Task Env Mean r (Min-
Max) 
Mean r (Min-Max) Mean (SD) Mean (SD) 
Control 
(n=15) 
Single Straight 0.41 (0.25-0.58) 0.42 (0.28-0.61) 12.76 (19.29) 18.89 (31.67) 
 Door 0.39 (0.24-0.59) 0.39 (0.23-0.59) 18.59 (17.99) 23.52 (27.36) 
  Turn 0.46 (0.29-0.59) 0.44 (0.14-0.59) 26.05 (12.53) 31.24 (18.39) 
 Dual Straight 0.38 (0.15-0.56) 0.35 (0.21-0.48) 6.12 (13.36) 10.21 (22.81) 
  Door 0.41 (0.19-0.55) 0.40 (0.18-0.52) 14.52 (15.57) 19.43 (15.57) 
  Turn 0.42 (0.25-0.69) 0.41 (0.25-0.63) 30.89 (17.05) 23.02 (11.69) 
PD (n=15) Single Straight 0.42 (0.20-0.65) 0.39 (0.25-0.63) 14.78 (17.00) 18.48 (23.26) 
  Door 0.39 (0.21-0.70) 0.41 (0.22-0.71) 16.33 (29.85) 20.75 (42.61) 
  Turn 0.43 (0.21-0.77) 0.40 (0.20-0.58) 21.01 (12.51) 25.15 (16.05) 
 Dual Straight 0.42 (0.18-0.66) 0.40 (0.23-0.60) 9.50 (15.28) 11.62 (20.39) 
  Door 0.45 (0.22-0.72) 0.42 (0.19-0.71) 9.13 (10.63) 10.93 (15.75) 
  Turn 0.38 (0.25-0.52) 0.42 (0.29-0.65) 23.11 (14.97) 17.25 (10.13) 
[X represents horizontal eye movement and Medio-lateral head movement, Y represents vertical eye movement and 
sagittal head movement, Env = environment] 
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18. Appendix 18.0 - Visual sampling characteristics during gait with a visual cue 
   Saccade Fixation Blink 
   Number Duration Amplitude Peak Velocity Peak Acceleration Number Duration Number 
   (no.) (ms) (°) (°/sec) (°/sec²) (no.) (sec) (no.) 
Group Cognitive 
Task 
Environment Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
Control Single No Cue 1.87 (1.31) 76.35 (16.72) 7.84 (3.04) 411.16 (118.45) 5084.88 (2082.86) 2.38 (1.02) 1.21 (0.83) 5.25 (3.64) 
(n=32)  Cue 3.01 (1.25) 79.79 (40.11) 6.87 (4.15) 437.07 (152.39) 6960.88 (7419.09) 3.38 (1.07) 1.33 (0.85) 5.59 (3.40) 
  No Cue & Door 1.91 (1.55) 65.96 (24.74) 7.54 (2.16) 418.41 (103.77) 5272.87 (2848.30) 2.38 (1.22) 1.19 (0.77) 4.66 (3.25) 
  Cue & Door 3.26 (1.64) 49.15 (14.29) 7.24 (5.31) 415.19 (121.36) 5682.60 (5048.08) 3.39 (1.40) 1.31 (0.77) 5.59 (3.15) 
 Dual No Cue 1.19 (1.01) 70.85 (28.20) 9.75 (5.16) 438.35 (171.02) 6304.57 (4587.38) 1.88 (0.88) 1.25 (0.98) 6.00 (3.89) 
  Cue 2.97 (1.65) 55.29 (24.32) 6.76 (3.19) 430.14 (135.98) 5679.70 (5864.42) 3.15 (1.29) 1.59 (0.78) 6.94 (3.59) 
  No Cue & Door 1.55 (1.05) 72.34 (36.13) 7.54 (2.16) 408.35 (103.58) 6483.74 (4511.19) 2.21 (0.95) 1.32 (0.72) 6.75 (3.93) 
  Cue & Door 3.20 (1.64) 59.20 (27.88) 6.25 (4.53) 391.17 (120.48) 5347.33 (4874.93) 3.41 (1.33) 1.46 (0.71) 6.50 (3.22) 
PD Single No Cue 1.46 (1.71) 75.05 (35.66) 8.14 (3.48) 462.51 (129.86) 7954.45 (9188.34) 2.18 (1.47) 1.28 (0.97) 4.09 (4.27) 
(n=55)  Cue 3.59 (1.89) 65.77 (24.60) 6.81 (3.01) 449.91 (123.31) 7110.78 (8761.12) 3.85 (1.64) 1.32 (1.02) 4.42 (4.03) 
  No Cue & Door 1.95 (1.77) 71.37 (26.92) 8.99 (5.37) 479.03 (111.71) 8279.71 (8991.55) 2.61 (1.49) 1.23 (1.02) 4.40 (4.73) 
  Cue & Door 3.56 (1.74) 66.67 (18.63)† 6.44 (3.49) 445.61 (156.53) 6815.15 (9203.18) 3.91 (1.56) 1.24 (1.05) 4.00 (3.40)† 
 Dual No Cue 0.96 (1.23) 70.93 (29.53) 6.83 (2.14)† 438.00 (114.42) 7862.66 (10489.95) 1.79 (1.12) 1.47 (1.00) 5.67 (4.27) 
  Cue 3.37 (1.77) 65.87 (33.25) 6.68 (2.79) 450.40 (142.82) 6511.72 (7621.52) 3.62 (1.57) 1.35 (0.96) 5.29 (4.54) 
  No Cue & Door 1.20 (1.21) 69.16 (27.36) 8.64 (4.02) 457.50 (117.72) 8161.92 (9890.78) 1.95 (1.02) 1.50 (1.05) 5.55 (4.59) 
  Cue & Door 3.80 (1.98) 65.16 (27.68) 6.09 (3.02) 442.61 (156.53) 6931.52 (8264.81) 4.00 (1.56) 1.47 (1.10) 4.89 (3.74)† 
[† independent t-test PD vs controls significance level p <0.05, saccade, fixation and blink number were calculated from a Dikablis mobile eye-tracker (50Hz), all other characteristics were 
calculated using EOG (1000Hz) for horizontal saccades only] 
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19. Appendix 19.0 - Associations between cognitive and visual functions, and gait characteristics in older adult 
controls 
Attentional Task Gait Characteristic MoCA ACE-R PoA FoA CLOX 1 JLO Digit Span VA CS 
Single Straight Step length -.001 (.997) .149 (.357) -.100 (.538) -.081 (.620) .293 (.067) .289 (.071) .199 (.218) -.065 (.690) .062 (.706) 
  Velocity .158 (.331) .224 (.165) .038 (.815) -.044 (.786) .212 (.189) .173 (.285) .297 (.063) -.063 (.700) .077 (.635) 
  Double support time -.162 (.319) -.148 (.363) -.014 (.934) .081 (.617) .050 (.761) .066 (.687) -.150 (.357) .121 (.459) -.073 (.656) 
 Door Step length -.029 (.858) .106 (.513) -.079 (.628) .013 (.937) .187 (.247) .307 (.054) .198 (.220) -.022 (.891) .123 (.448) 
  Velocity .133 (.413) .139 (.393) .029 (.860) .012 (.942) .116 (.478) .166 (.307) .232 (.149) -.048 (.768) .087 (.595) 
  Double support time -.236 (.142) -.205 (.204) .006 (.969) .218 (.177) -.046 (.776) .043 (.793) -.223 (.167) .012 (.939) .069 (.673) 
 Turn Step length .050 (.759) .111 (.495) -.156 (.337) -.090 (.583) .329 (.038)* .396 (.011)* .008 (.959) -.075 (.645) -.063 (.701) 
  Velocity .181 (.263) .150 (.356) -.058 (.722) -.137 (.399) .250 (.120) .203 (.209) .132 (.417) -.058 (.723) -.084 (.606) 
  Double support time -.130 (.425) -.090 (.579) -.052 (.750) .096 (.555) .013 (.937) .025 (.878) -.130 (.423) .106 (.514) -.106 (.516) 
 Cue Step length .055 (.766) .194 (.287) -.185 (.310) -.086 (.640) .111 (.546) .121 (.511) .213 (.241) .042 (.821) .005 (.979) 
  Velocity .219 (.228) .282 (.117) -.066 (.720) -.130 (.479) .178 (.330) .138 (.451) .271 (.133) -.001 (.995) -.124 (.499) 
  Double support time -.257 (.156) -.256 (.157) -.182 (.318) -.021 (.909) -.101 (.582) -.052 (.776) -.253 (.162) .098 (.595) .165 (.368) 
 Cue & Door Step length .035 (.849) .154 (.400) -.182 (.318) -.051 (.783) .079 (.669) .091 (.622) .194 (.288) .019 (.918) -.005 (.976) 
  Velocity .142 (.437) .211 (.247) -.031 (.866) -.063 (.732) .107 (.562) .058 (.753) .201 (.271) -.029 (.877) -.098 (.594) 
  Double support time -.220 (.226) -.172 (.347) -.276 (.126) -.111 (.545) -.045 (.805) .019 (.919) -.092 (.616) .156 (.394) .116 (.528) 
Dual Straight Step length -.104 (.522) .004 (.981) .009 (.957) .085 (.601) .198 (.221) .343 (.030)* .129 (.429) -.055 (.737) .106 (.517) 
  Velocity .047 (.775) .004 (.981) .203 (.210) .112 (.490) .055 (.734) .150 (.355) .107 (.510) -.066 (.687) .059 (.718) 
  Double support time -.018 (.914) -.081 (.620) -.215 (.183) -.123 (.448) .061 (.708) -.039 (.812) -.157 (.335) .169 (.298) -.272 (.089) 
 Door Step length -.072 (.659) .050 (.758) -.082 (.617) -.028 (.863) .325 (.040)* .398 (.011)* .114 (.485) -.055 (.735) .038 (.815) 
  Velocity .081 (.619) .086 (.596) .096 (.556) -.016 (.924) .231 (.152) .244 (.130) .119 (.465) -.084 (.606) .000 (.999) 
  Double support time -.041 (.801) -.075 (.645) -.081 (.621) -.112 (.493) -.008 (.962) -.223 (.168) -.102 (.531) .127 (.433) -.167 (.303) 
 Turn Step length .060 (.712) .123 (.451) -.209 (.196) -.153 (.344) .421 (.007)* .383 (.015)* -.025 (.878) -.076 (.643) -.088 (.590) 
  Velocity .195 (.228) .082 (.614) .014 (.934) -.067 (.680) .287 (.072) .205 (.203) .074 (.648) -.024 (.882) -.120 (.462) 
  Double support time -.121 (.456) -.052 (.751) -.079 (.627) -.083 (.610) -.001 (.993) -.114 (.485) -.135 (.406) .016 (.921) -.070 (.667) 
 Cue Step length .016 (.932) .092 (.617) -.237 (.191) -.080 (.662) .126 (.491) .085 (.645) .098 (.594) .070 (.702) -.081 (.660) 
  Velocity .160 (.381) .233 (.199) .000 (.999) -.111 (.547) .203 (.266) .065 (.722) .154 (.399) -.030 (.871) -.164 (.369) 
  Double support time -.307 (.088) -.219 (.229) -.181 (.321) .034 (.852) -.187 (.305) -.085 (.642) -.163 (.373) .064 (.726) .241 (.183) 
 Cue & Door Step length -.002 (.993) .055 (.766) -.257 (.156) -.110 (.550) .103 (.575) .104 (.571) .074 (.687) .088 (.633) -.142 (.439) 
  Velocity .138 (.453) .097 (.596) -.033 (.856) -.072 (.697) .123 (.503) .064 (.728) .047 (.797) .105 (.566) -.301 (.094) 
  Double support time -.251 (.165) -.150 (.411) -.233 (.199) -.055 (.766) -.043 (.813) -.109 (.554) -.068 (.712) .005 (.979) .201 (.269) 
 [*significance level p < .05, r (p) presented in table] 
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Appendix 19.1 - Associations between demographic and gait characteristics in older adult controls 
Attentional Task Gait Characteristic Age Height Weight GDS-15 FES-I 
Single Straight Step length -.247 (.125) .559 (<.001)* .322 (.043)* -.117 (.474) -.150 (.354) 
  Velocity -.219 (.174) .286 (.073) -.010 (.952) -.171 (.292) -.278 (.082) 
  Double support time .273 (.088) .001 (.993) .372 (.018)* .199 (.219) .401 (.010)* 
 Door Step length -.283 (.076) .565 (<.001)* .365 (.021)* -.117 (.474) -.150 (.356) 
  Velocity -.294 (.065) .250 (.119) .030 (.853) -.219 (.175) -.305 (.055) 
  Double support time .340 (.032)* .133 (.414) .338 (.033)* .194 (.231) .449 (.004)* 
 Turn Step length -.395 (.012)* .258 (.107) .097 (.552) -.045 (.783) -.092 (.573) 
  Velocity -.403 (.010)* -.013 (.938) -.194 (.231) -.201 (.214) -.311 (.051) 
  Double support time .286 (.073) .102 (.531) .339 (.033)* .238 (.140) .365 (.021) 
 Cue Step length -.422 (.007)* .102 (.531) .023 (.886) -.228 (.157) -.182 (.262) 
  Velocity -.447 (.004)* .049 (.762) -.169 (.297) -.284 (.076) -.292 (.068) 
  Double support time .189 (.243) -.012 (.942) .386 (.014)* .344 (.030)* .353 (.026)* 
 Cue & Door Step length -.435 (.005)* .098 (.549) .025 (.880) -.229 (.156) -.110 (.500) 
  Velocity -.430 (.006)* .050 (.761) -.153 (.344) -.278 (.082) -.251 (.118) 
  Double support time .161 (.322) -.021 (.898) .376 (.017) .278 (.083) .351 (.027)* 
Dual Straight Step length -.146 (.370) .587 (<.001)* .371 (.018)* -.145 (.371) .004 (.979) 
  Velocity -.045 (.783) .327 (.039)* .100 (.539) -.201 (.213) -.098 (.548) 
  Double support time .021 (.898) -.179 (.269) .172 (.289) .242 (.132) .227 (.159) 
 Door Step length -.229 (.155) .558 (<.001)* .319 (.045)* -.116 (.478) -.047 (.774) 
  Velocity -.141 (.387) .313 (.049)* .057 (.728) -.156 (.336) -.167 (.304) 
  Double support time .145 (.371) -.274 (.088) .080 (.624) .169 (.296) .323 (.042)* 
 Turn Step length -.359 (.023)* .359 (.023)* .130 (.424) -.104 (.524) -.050 (.760) 
  Velocity -.188 (.245) .247 (.124) -.036 (.827) -.156 (.336) -.218 (.176) 
  Double support time .102 (.531) -.233 (.148) .087 (.592) .186 (.251) .414 (.008)* 
 Cue Step length -.361 (.022)* .180 (.266) .134 (.410) -.188 (.246) -.051 (.754) 
  Velocity -.354 (.025)* .193 (.234) -.023 (.890) -.273 (.088) -.183 (.259) 
  Double support time .212 (.188) -.132 (.416) .281 (.079) .287 (.073) .340 (.032) 
 Cue & Door Step length -.428 (.006)* .093 (.568) .034 (.837) -.229 (.155) -.063 (.698) 
  Velocity -.380 (.016)* .142 (.383) -.007 (.964) -.274 (.087) -.233 (.147) 
  Double support time .185 (.253) -.076 (.640) .292 (.068) .290 (.070) .387 (.014)* 
[*significance level p < .05, r (p) presented in table] 
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20. Appendix 20.0 - Associations between cognitive and visual functions, and gait characteristics in Parkinson’s 
disease 
 Gait Characteristic MoCA ACE-R PoA FoA CLOX 1 JLO Digit Span VA CS 
Single Straight Step length .333 (.012)* .282 (.035)* -.162 (.232) -.327 (.014)* .263 (.050) .299 (.025)* -.127 (.351) -.076 (.576) .091 (.505) 
  Velocity .258 (.055) .301 (.024)* -.284 (.034)* -.377 (.004)* .297 (.026)* .288 (.031)* .026 (.847) -.119 (.384) .205 (.131) 
  Double support time -.128 (.348) -.161 (.235) .145 (.285) .226 (.094) -.052 (.706) -.148 (.277) -.178 (.190) .325 (.015)* -.366 (.006)* 
 Door Step length .286 (.033)* .286 (.033)* -.180 (.184) -.264 (.049)* .189 (.163) .285 (.033)* -.092 (.502) .002 (.986) .040 (.768) 
  Velocity .245 (.068) .274 (.041)* -.238 (.077) -.359 (.007)* .209 (.122) .299 (.025)* .062 (.647) -.023 (.864) .145 (.286) 
  Double support time -.049 (.721) -.035 (.798) -.077 (.575) .033 (.810) .048 (.727) -.062 (.648) -.196 (.148) .214 (.114) -.246 (.067) 
 Turn Step length .267 (.047)* .238 (.077) -.208 (.124) -.337 (.011)* .049 (.722) .183 (.176) -.030 (.824) .071 (.602) .053 (.698) 
  Velocity .318 (.017)* .288 (.031)* -.267 (.046)* -.453 (<.001)* .193 (.153) .255 (.058) .037 (.788) .004 (.979) .125 (.358) 
  Double support time -.065 (.638) -.044 (.752) .007 (.961) .169 (.218) .100 (.468) -.031 (.823) -.099 (.472) .288 (.033)* -.244 (.073) 
 Cue Step length .009 (.948) .006 (.967) -.139 (.313) -.067 (.626) -.014 (.921) .296 (.028)* .166 (.226) .015 (.912) .043 (.754) 
  Velocity .229 (.092) .142 (.300) -.156 (.255) -.362 (.007)* .076 (.580) .356 (.008)* .181 (.187) -.120 (.381) .191 (.162) 
  Double support time -.015 (.913) -.068 (.622) .027 (.845) .113 (.412) .126 (.358) -.074 (.590) -.224 (.101) .357 (.007)* -.312 (.021)* 
 Cue & Door Step length .038 (.785) -.014 (.917) -.072 (.602) -.048 (.728) .003 (.984) .096 (.487) .228 (.094) .063 (.646) -.040 (.773) 
  Velocity .243 (.074) .171 (.212) -.225 (.099) -.420 (.001)* .063 (.648) .312 (.020)* .200 (.143) -.116 (.397) .202 (.140) 
  Double support time -.044 (.751) -.104 (.452) .070 (.610) .132 (.337) .101 (.463) -.045 (.742) -.239 (.079) .379 (.004)* -.323 (.016)* 
Dual Straight Step length .313 (.019)* .178 (.189) -.104 (.447) -.292 (.029)* .150 (.270) .320 (.016)* -.151 (.267) .001 (.996) -.071 (.604) 
  Velocity .309 (.020)* .163 (.230) -.087 (.523) -.307 (.021)* .166 (.221) .328 (.014)* .007 (.960) .027 (.845) -.052 (.701) 
  Double support time -.117 (.392) .039 (.776) .014 (.916) .145 (.286) -.042 (.757) -.152 (.264) .123 (.366) -.056 (.679) .051 (.711) 
 Door Step length .329 (.013)* .215 (.111) -.174 (.200) -.364 (.006)* .225 (.096) .354 (.007)* -.098 (.472) -.003 (.984) .000 (.999) 
  Velocity .321 (.016)* .226 (.094) -.121 (.374) -.357 (.007)* .213 (.115) .377 (.004)* .079 (.561) -.046 (.738) .055 (.685) 
  Double support time -.183 (.176) -.093 (.494) .058 (.673) .205 (.129) -.147 (.279) -.216 (.110) -.032 (.817) .051 (.711) -.123 (.366) 
 Turn Step length .334 (.012)* .215 (.112) -.242 (.072) -.426 (.001)* .169 (.212) .325 (.015)* -.148 (.275) .024 (.863) .037 (.787) 
  Velocity .348 (.009)* .210 (.119) -.169 (.214) -.421 (.001)* .190 (.160) .324 (.015)* .044 (.748) -.018 (.892) .052 (.701) 
  Double support time -.234 (.086) -.107 (.438) -.011 (.938) .149 (.277) -.160 (.243) -.212 (.120) -.078 (.569) .088 (.522) -.113 (.413) 
 Cue Step length .022 (.872) -.100 (.468) -.014 (.919) -.056 (.684) -.040 (.770) .092 (.504) .139 (.312) .023 (.868) -.071 (.606) 
  Velocity .290 (.032)* .194 (.157) -.125 (.365) -.340 (.011)* .084 (.544) .355 (.008)* .156 (.255) -.049 (.721) .050 (.716) 
  Double support time -.085 (.536) -.119 (.386) .024 (.865) .108 (.431) .126 (.361) -.095 (.490) -.224 (.100) .346 (.010)* -.210 (.125) 
 Cue & Door Step length .229 (.093) .093 (.499) -.059 (.668) -.157 (.254) -.025 (.857) .029 (.836) .166 (.226) .051 (.711) .008 (.956) 
  Velocity .311 (.021)* .180 (.189) -.137 (.317) -.352 (.008)* .115 (.404) .318 (.018)* .143 (.299) -.065 (.638) .083 (.545) 
  Double support time -.083 (.545) -.114 (.409) .064 (.645) .152 (.269) .114 (.409) -.117 (.393) -.216 (.114) .366 (.006)* -.260 (.055) 
[*significance level p < .05, r (p) presented in table] 
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Appendix 20.1 - Associations between demographic, clinical and gait characteristics in Parkinson’s disease 
 
Attentional Task Gait Characteristic Age Height Weight GDS-15 FES-I UPDRS-III FOGQ LED PD duration 
Single Straight Step length -.172 (.206) .334 (.012)* .071 (.605) -.183 (.178) -.374 (.005)* -.488 (<.001)* -.319 (.016)* -.028 (.845) -.083 (.545) 
  Velocity -.195 (.149) .144 (.288) .008 (.952) -.383 (.004)* -.370 (.005)* -.411 (.002)* -.204 (.132) .028 (.840) -.001 (.995) 
  Double support time .267 (.047)* .123 (.366) -.016 (.907) .166 (.222) .334 (.012)* .194 (.152) -.010 (.942) .173 (.216) -.046 (.736) 
 Door Step length -.102 (.456) .304 (.023)* .099 (.470) -.318 (.017)* -.396 (.003)* -.507 (<.001)* -.273 (.042)* -.081 (.566) -.020 (.886) 
  Velocity -.110 (.421) .136 (.316) .033 (.807) -.429 (.001)* -.428 (.001)* -.452 (<.001)* -.185 (.172) -.022 (.873) .018 (.895) 
  Double support time .112 (.413) .286 (.033)* .229 (.089) .262 (.051) .459 (<.001)* .194 (.152) .042 (.756) .234 (.092) -.065 (.635) 
 Turn Step length -.090 (.511) .189 (.162) -.024 (.859) -.354 (.007)* -.324 (.015)* -.540 (<.001)* -.249 (.065) .034 (.807) .024 (.861) 
  Velocity -.109 (.422) .065 (.636) -.029 (.831) -.446 (.001)* -.401 (.002)* -.461 (<.001)* -.192 (.156) .067 (.631) .055 (.689) 
  Double support time .138 (.310) .204 (.132) .139 (.309) .181 (.183) .429 (.001)* .079 (.564) .035 (.798) .256 (.064) .036 (.795) 
 Cue Step length .190 (.161) .067 (.625) .078 (.568) -.510 (<.001)* -.238 (.077) -.368 (.005)* -.079 (.561) .018 (.901) .066 (.628) 
  Velocity .093 (.496) -.087 (.522) -.151 (.267) -.609 (<.001)* -.567 (<.001)* -.428 (.001)* -.188 (.164) -.034 (.807) .100 (.463) 
  Double support time .183 (.176) .139 (.306) .021 (.880) .192 (.155) .437 (.001)* .136 (.318) -.022 (.875) .181 (.194) -.063 (.645) 
 Cue & Door Step length .144 (.289) .209 (.123) .170 (.209) -.424 (.001)* -.156 (.250) -.298 (.026)* -.023 (.869) .084 (.551) .048 (.725) 
  Velocity .040 (.768) .017 (.902) -.064 (.638) -.524 (<.001)* -.568 (<.001)* -.522 (<.001)* -.224 (.097) .007 (.958) .095 (.486) 
  Double support time .230 (.088) .127 (.352) .039 (.775) .152 (.262) .459 (<.001)* .160 (.240) -.044 (.747) .167 (.232) -.070 (.607) 
Dual Straight Step length -.109 (.425) .331 (.013) .068 (.620) -.084 (.539) -.282 (.035)* -.344 (.009)* -.254 (.059) .014 (.921) -.114 (.402) 
  Velocity -.105 (.442) .107 (.432) -.015 (.912) -.145 (.285) -.349 (.008)* -.231 (.086) -.095 (.486) .107 (.446) -.015 (.913) 
  Double support time .037 (.784) .112 (.411) .327 (.014) .133 (.328) .186 (.171) -.012 (.932) .103 (.448) .013 (.929) .010 (.942) 
 Door Step length -.141 (.299) .336 (.011) .121 (.376) -.116 (.395) -.303 (.023)* -.421 (.001)* -.291 (.030) .021 (.881) -.103 (.449) 
  Velocity -.182 (.179) .120 (.379) .020 (.883) -.153 (.260) -.388 (.003)* -.287 (.032)* -.097 (.478) .083 (.555) -.015 (.913) 
  Double support time .240 (.075) .217 (.109) .212 (.117) .124 (.363) .225 (.096) .213 (.114) -.033 (.807) .026 (.856) .009 (.949) 
 Turn Step length -.108 (.429) .223 (.098) .025 (.852) -.157 (.249) -.212 (.116) -.485 (<.001)* -.303 (.023)* .038 (.788) -.074 (.588) 
  Velocity -.154 (.258) .053 (.697) -.003 (.983) -.209 (.122) -.337 (.011)* -.328 (.014)* -.110 (.422) .108 (.443) .036 (.794) 
  Double support time .161 (.239) .241 (.077) .184 (.179) .158 (.249) .318 (.018)* .153 (.264) -.009 (.948) .076 (.593) -.042 (.763) 
 Cue Step length .287 (.032) .133 (.327) .024 (.860) -.215 (.112) -.212 (.117) -.231 (.087) -.154 (.259) .017 (.905) -.206 (.129) 
  Velocity .047 (.730) .054 (.693) .023 (.866) -.375 (.004)* -.477 (<.001)* -.337 (.011) -.083 (.543) .126 (.368) .142 (.295) 
  Double support time .191 (.159) .093 (.496) -.040 (.770) .111 (.415) .450 (.001)* .118 (.386) -.076 (.577) .118 (.400) -.069 (.613) 
 Cue & Door Step length .152 (.262) .110 (.419) .045 (.743) -.119 (.382) -.147 (.280) -.311 (.020)* -.103 (.451) .057 (.683) -.131 (.336) 
  Velocity .025 (.855) .019 (.887) -.067 (.623) -.433 (.001)* -.475 (<.001)* -.402 (.002)* -.132 (.332) .074 (.598) .144 (.289) 
  Double support time .206 (.129) .141 (.300) .023 (.866) .129 (.345) .443 (.001)* .150 (.270) -.015 (.910) .174 (.214) -.042 (.760) 
[*significance level p < .05, r (p) presented in table] 
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21. Appendix 21.0 – Regression model performance 
Visual sampling regression model performance: Parkinson’s disease group 
Attentional Task Model 1 Model 2 Model 3 Model 4 
  r2 F p r2 F p r2 F p r2 F p 
Single ∆Door .075 
1.04 .395 .197 1.45 .203 .100 
.903 .500 .248 1.49 .177 
 ∆Turn .084 1.16 .338 .144 .989 .457 .161 1.57 .175 .196 1.10 .386 
 ∆Cue .136 1.96 .115 .201 1.45 .204 .165 1.58 1.74 .307 1.95 .053 
 ∆Cue&Door .047 .617 .652 .154 1.04 .418 .057 .480 .820 .173 .918 .526 
Dual ∆Door .086 1.20 .323 .232 1.78 .106 .108 .993 .441 .239 1.41 .205 
 ∆Turn .077 1.06 .385 .221 1.67 .131 .123 1.15 .350 .254 1.53 .160 
 ∆Cue .107 1.50 .216 .140 .936 .497 .117 1.06 .402 .148 .763 .663 
 ∆Cue&Door .168 .253 .052 .199 1.43 .210 .191 1.89 .102 .225 1.28 .272 
[F and p from ANOVA] 
Visual sampling regression model performance: Control group 
Attentional Task Model 1 Model 2 Model 3 Model 4 
  r2 F p r2 F p r2 F p r2 F p 
Single ∆Door 
.040 
.500 .684 .095 .480 .842 .073 
.538 .746 .128 .490 .869 
 ∆Turn 
.186 2.74 .057 .216 1.26 .301 .193 1.63 .179 .219 .933 .511 
 ∆Cue 
.095 1.26 .303 .214 1.24 .309 .161 .995 .440 .242 1.06 .417 
 ∆Cue&Door 
.125 1.71 .182 .166 .911 .511 .058 .322 .895 .187 .765 .649 
Dual ∆Door 
.125 1.71 .182 .166 .911 .511 .141 1.12 .368 .187 .765 .649 
 ∆Turn 
.048 .802 .618 .152 .816 .581 .128 .159 .179 .170 .682 .719 
 ∆Cue 
.040 .386 .764 .191 .811 .587 .053 .293 .913 .239 .769 .645 
 ∆Cue&Door 
.021 .198 .897 .169 .700 .672 .129 .773 .578 .306 1.08 .417 
[F and p from ANOVA] 
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22. Appendix 22.0 – Full Structural Equation Models for Parkinson’s disease Group 
Straight Walk Gait  
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Visual Cue
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23. Appendix 23.0 – Other Structural Equation Models 
Control Group – Straight Walking Gait 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Control Group – Visual Cue 
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PD Group - Dual Task 
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PD Group - Door Gait 
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PD Group - Turning Gait 
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PD Group - Visual Cue with Straight Walk Gait 
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PD Group - Visual Cue Dual Task 
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